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 77 
SUMMARY   78 
Beach sand is a habitat that supports many microbes, including viruses, bacteria, fungi and 79 
protozoa (micropsammon). The apparently inhospitable conditions of beach sand environments 80 
belie the thriving communities found there. Physical factors, such as water availability and 81 
protection from insolation; biological factors, such as competition, predation, and biofilm 82 
formation; and nutrient availability all contribute to the characteristics of the micropsammon. 83 
Sand microbial communities include autochthonous species/phylotypes indigenous to the 84 
environment. Allochthonous microbes, including fecal indicator bacteria (FIB) and waterborne 85 
pathogens, are deposited via waves, runoff, air, or animals. The fate of these microbes ranges 86 
from death, to transient persistence and/or replication, to establishment of thriving populations 87 
(naturalization) and integration in the autochthonous community. Transport of the 88 
micropsammon within the habitat occurs both horizontally across the beach, and vertically from 89 
the sand surface and ground water table, as well as at various scales including interstitial flow 90 
within sand pores, sediment transport for particle-associated microbes, and the large-scale 91 
processes of wave action and terrestrial runoff. The concept of beach sand as a microbial habitat 92 
and reservoir of FIB and pathogens has begun to influence our thinking about human health 93 
effects associated with sand exposure and recreational water use. A variety of pathogens have 94 
been reported from beach sands, and recent epidemiology studies have found some evidence of 95 
health risks associated with sand exposure. Persistent or replicating populations of FIB and 96 
enteric pathogens have consequences for watershed/beach management strategies and regulatory 97 
standards for safe beaches. This review summarizes our understanding of the community 98 
structure, ecology, fate, transport, and public health implications of microbes in beach sand. It 99 
concludes with recommendations for future work in this vastly under-studied area. 100 
 101 
Keywords:  beach sand, fecal indicator bacteria, psammon, pathogens, fate, water quality 102 
 103 
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 106 
INTRODUCTION 107 
 108 
The organisms inhabiting supratidal and intertidal (also called supralittoral) sands, and those 109 
located just above the margin of a water body have historically been termed the psammon (Neel 110 
1948).  The psammon can be divided by relative size. The macropsammon is perhaps the most 111 
familiar to the beachgoer in the form of mollusks, annelids, and crustaceans.  Less familiar are 112 
the meiopsammon which are near-microscopic animals that are often collectors, grazers and 113 
predators (e.g. copepods, nematodes, and flatworms).  Even less understood are the sand 114 
dwelling microbes or the micropsammon - the topic of this review. Here, we restrict our 115 
discussion to the micropsammon that inhabit the area at the margin or just above the margin of a 116 
water body including the intertidal areas of marine environments, the supratidal/supralitoral areas 117 
of marine or freshwater beaches, respectively, and the swash zone.   118 
  119 
Despite the familiarity of sand as a defining characteristic for many beaches around the world, 120 
surprisingly little is known about the micropsammon.  Very recently, the micropsammon has 121 
received some attention in terms of composition, community structure, ecology and human 122 
health implications; however, these areas are often treated separately. An integrative approach 123 
that considers both the physical and biological components of these unique ecosystems, which in 124 
turn provides the basis for inferences about individual pathogens and health effects for humans, 125 
is required to understand the implications of the micropsammon to human health.   In this 126 
review, we initiate the process of integrating knowledge from these realms. 127 
Some discussion of the terms used in this article will be useful to the reader. We limit our 128 
discussion to exposed or unsubmerged sand sediment including the swash zone (area of wave 129 
run-up and return), and the intertidal zone (between the high tide and low tide marks) (Figure 1).  130 
“Fate” was used as early as 1915 to describes bacterial survival in the face of environmental 131 
stressors (Weinzirl and Newton 1915). We use fate as a general term to include the many 132 
happenstances that may befall a microbial population in the environment, including population 133 
replication, prolonged persistence, transport, and death. The autochthonous microbial community 134 
consists of the microbes that are native to the sand habitat, while allochthonous microbes are 135 
those that are contributed from external sources (e.g. animals defecating on the beach; people 136 
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swimming in the water; atmospheric deposition).  In the review that follows, public health 137 
implications of beach sand microbes are couched in the context of the environment and microbial 138 
community around them. Particular emphasis is placed on evaluating the possibility of 139 
monitoring beach sand to assess possible health risks and as a means to better predict the 140 
microbiological safety of recreational waters. 141 
 142 
SAND MICROBIAL COMMUNITIES 143 
 144 
Microbial Community Characteristics 145 
 146 
Microbial communities in the sand micropsammon have received relatively little attention 147 
compared to those in soil, water, and bottom/submerged sediment.  Clearly, bacteria and fungi  148 
can proliferate in sand, e.g. direct microscopic counts found greater than 107 total bacteria/g sand 149 
(Khiyama and Makemson 1973), and the concentration of culturable fungi isolated from sand 150 
ranged from 1.5 to 7.6 × 106 CFU/g (Larrondo and Calvo 1989) at 42 Mediterranean beaches. 151 
Studies focused on community analysis found Proteobacteria and Bacteroidetes dominated 152 
biofilm-associated communities in supratidal sands from South Florida beaches (Piggot et al. 153 
2012), and community structure varied by location (supratidal, intertidal, or subtidal). 154 
Metagenomic studies on microbial communities in the environment have focused on habitats 155 
such as the water column or sediments e.g. (Lozupone and Knight 2007), although the 2010 156 
Deepwater Horizon oil spill in the Gulf of Mexico resulted in a study that generated some data 157 
on bacterial communities in beach sand (Kostka et al. 2011).  The concentration of bacterial 16S 158 
rRNA genes in non-oil impacted sand was ~107 copies/g. Members of the Gram-negative 159 
Gammaproteobacteria were observed most frequently (33% of samples), but sequences from the 160 
phylum Bacteroidetes (14%) and order Chromatiales (10%) were also identified in sand.  161 
Analysis of sand microbial communities in Hawaii found greater bacterial diversity in backshore 162 
sand compared to foreshore sand, nearshore sand, and water (Cui et al. 2013). Pseudomonas spp. 163 
and Bacteroidetes were among the dominant taxa identified. 164 
 165 
The authors (Sadowsky and C. Staley) have recently completed some metagenomic analyses on 166 
the sand microbiome. 16S rDNA analysis was performed on sand taken from three sites: an 167 
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estuarine beach in Tampa, FL; a freshwater lake in Saint Paul, MN; and a marine site in Tampa, 168 
FL.  The most abundant phyla among all three sites were Proteobacteria, Bacteroidetes, 169 
Firmicutes, and Actinobacteria. The most abundant families at all sites included 170 
Rhodobacteraceae, Flavobacteriaceae, Flammeovirgaceae, and Campylobacteraceae.  Alpha 171 
diversity was high among all sites; however, sand from the marine site had considerably greater 172 
richness and higher non-parametric diversity indices than the other sites. The microbial 173 
community in each sample was distinct via principal coordinate analysis, and analysis of 174 
molecular variance (AMOVA) revealed significant differences in microbial community structure 175 
among all sites (P < 0.001). 176 
 177 
Sources of Allochthonous Microbes to Sand Ecosystems 178 
 179 
Many of the microbes found in sand are autochthonous and are adapted to life in sand microbial 180 
communities.  Allochthonous microbes, introduced from outside the control volume boundary, 181 
may include FIB (E. coli, fecal coliforms and enterococci) and pathogens derived from sewage 182 
or direct fecal deposition by animals. The source of allochthonous bacteria to sand ecosystems is 183 
important from both ecological and public health perspectives, as the pathogens associated with 184 
fecal material differ depending upon the host source.  The taxa and concentration of microbes in 185 
sand are undoubtedly influenced by a myriad of factors, moisture, nutrient availability and 186 
composition, physical habitat and nature of the microbial community. 187 
 188 
The fate of allochthonous microbes in sand can follow several pathways, which are outlined in 189 
Figure 2. Many will die within hours of introduction to sand habitats, however some persist with 190 
no or minimal replication for days to months due to permissive conditions and/or their 191 
physiological capabilities. A subset of these microbes may establish replicating populations, at 192 
which point they are considered “naturalized.” If the naturalized microbes establish long-term, 193 
replicating populations, they may be considered part of the autochthonous microbial community. 194 
Examples of this process include E. coli populations that reproduce in extra-intestinal habitats 195 
such as soil (Byappanahalli and Fujioka 2004; Byappanahalli and Fujioka 1998) and periphyton 196 
(Ksoll et al. 2007), stranded algae (Badgley et al. 2011; Byappanahalli et al. 2003b; Olapade et 197 
al. 2006; Vanden Heuvel et al. 2010; Whitman et al. 2003), pitcher plants (Whitman et al. 2005) 198 
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and plankton-amended sand (Byappanahalli et al. 2006b), enterococci populations associated 199 
with seaweed from marsh (Grant et al. 2001), and a ubiquitous, persistent Enterococcus 200 
casseliflavus strain isolated from water, sediment, and submerged aquatic vegetation in a Florida 201 
lake (Badgley et al. 2010).   202 
 203 
Fecal-derived microbes can reach beach sand via many sources, including direct fecal deposition 204 
on sand (e.g. shore birds, dogs) (Kinzelman et al. 2008; Noble et al. 2006), point source 205 
(wastewater) pollution to water (Vijayavel et al. 2010) that is subsequently transmitted to sand, 206 
and from non-point source pollution that is discharged directly to sand (e.g., stormwater and 207 
contaminated groundwater) (Salmore et al. 2006; Sauer et al. 2011; Zhu et al. 2011), or is 208 
discharged to water and then transmitted to sand (Piggot et al. 2012) (Table 1).  Landscape 209 
factors within the watershed can influence fecal indicator bacteria concentrations in source 210 
waters and at beaches, e.g. forested headwaters can be a source of fecal indicator bacteria to 211 
bathing waters downstream in subtropical and temperate environments (Byappanahalli et al. 212 
2003a; Dunkell et al. 2011; Flood et al. 2011; Frenzel and Couvillion 2002; Fujioka et al. 1988; 213 
Mallin et al. 2000; Whitman et al. 2006).  Several studies have shown that the degree of 214 
urbanization within a watershed is the strongest predictor of fecal indicator abundance, although 215 
not necessarily indicative of human fecal pollution (Flood et al. 2011), because impervious 216 
surfaces can concentrate runoff laden with fecal indicators from numerous sources.  217 
 218 
Wildlife can significantly contribute to the fecal bacteria population within water and soils of a 219 
watershed (Alderisio and DeLuca 1999; Hussong et al. 1979; Lévesque et al. 1993), and even in 220 
an urbanized watershed the wildlife has been documented as a dominant source of bacteria 221 
during rain events (Whitlock et al. 2002).  In some cases, the input from specific wildlife in the 222 
watershed has been implicated in the contamination of beaches (Oshiro and Fujioka 1995), and 223 
molecular methods have enabled the identification of specific wildlife sources that have the 224 
greatest impact at beaches e.g. (Hansen et al. 2011).  Fecal indicator bacteria from different 225 
animal sources may differentially persist in waters and sediments (Anderson et al. 2005), adding 226 
another layer of complexity to pollution events at beaches when there are diverse sources within 227 
the watershed.   228 
 229 
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Sources of FIB in sand have been inferred in the absence of direct evidence for a particular 230 
contaminant source (Table 1).  By measuring the concentration of enterococci in dog, shore bird, 231 
shrimp and human waste and incorporating the number of individuals observed per unit time at 232 
the beach, dogs were estimated to be the greatest contributors to enterococci levels at one study 233 
beach (Wright et al. 2009).  Whitman and Nevers (2003) found the number of gulls on a beach 234 
on one day was correlated with E. coli concentrations in foreshore sand and beach water on the 235 
following day.  In Florida,  bird counts and enterococci levels were correlated in subtidal sands, 236 
but not in supratidal or intertidal regions (Piggot et al. 2012).  Microbial source tracking (MST) 237 
studies have provided more direct evidence of the source of FIB in beach sand.  Edge and Hill 238 
(2007) and Edge et al. (2010) applied multiple lines of evidence, including observations of fecal 239 
droppings, and E. coli DNA fingerprinting and antimicrobial resistance analyses, to identify 240 
birds (e.g. Canada geese and gulls) as the predominant source of E. coli in sand at Lake Ontario 241 
beaches. Humans and waterfowl were found to be the main contributors to E. coli concentrations 242 
in sand in other studies (Fogarty et al. 2003; Ishii et al. 2007).  Bonilla et al. (2007) showed that 243 
one gull dropping caused elevated enterococci levels in sand over an area of 3 m2. 244 
 245 
Bird feces may also be important sources of pathogens to beach sand.  Preliminary surveillance 246 
for pathogens in beach sand at the Lake Ontario beach predominantly impacted by bird fecal 247 
droppings (Edge and Hill 2007) commonly detected Campylobacter (Khan et al. 2013)(.  248 
Salmonella genomic analysis showed close association between isolates from gulls, sand and 249 
adjacent swimming water (Whitman et al. 2001).  In some cases, humans themselves have been 250 
implicated as sources of microbes for sand (Elmir et al. 2009; Graczyk et al. 2007). 251 
Staphylococcus aureus and yeasts associated with human hosts in sand were significantly 252 
correlated with human activity at a Mediterranean beach (Papadakis et al. 1997). 253 
 254 
 255 
3. FATE, ECOLOGY AND POPULATION BIOLOGY/GENETICS 256 
 257 
Fate (replication, persistence, and death) of the micropsammon is influenced by factors that are 258 
extrinsic (e.g. physical-chemical stressors, nutrient and water availability, competition, 259 
predation) and intrinsic (e.g. microbial species or strain) to the many microbes that inhabit beach 260 
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sand, either transiently or consistently.  Although study of the entire micropsammon would be 261 
most useful, much of the work on microbial fate in the context of sandy beaches has focused on 262 
FIB.  Conventional wisdom was that upon release to the environment, indicator bacteria would 263 
die off at some undetermined rate; yet Ostrolenk et al. (1947) noted that E. coli might be an 264 
inferior indicator of sanitary conditions due to the possibility of multiplication outside the host 265 
gastrointestinal tract. As early as 1967, researchers obtained evidence of fecal coliform 266 
replication in soil following rainfall (Van Donsel et al. 1967).  More recently, evidence has 267 
steadily accumulated that certain E. coli and Enterococcus phylotypes can replicate in the 268 
environment (reviewed in (Byappanahalli et al. 2012a; Ishii and Sadowsky 2008). 269 
 270 
Examination of the occurrence and persistence of FIB and pathogens in beach sands is an 271 
extension of the early work that demonstrated that lake and river bottom sediments were a 272 
reservoir of FIB (Burton et al. 1987; Davies et al. 1995; Francy and Darner 1998; LaLiberte and 273 
Grimes 1982; Obiri-Danso and Jones 1999). Some of the earliest reports on the persistence of 274 
FIB in shoreline sands of freshwater beaches came from studies on the Laurentian Great Lakes 275 
(Alm et al. 2003; Francy et al. 2003; Haack et al. 2003; Whitman et al. 2001; Whitman and 276 
Nevers 2003).  These studies documented FIB in sand at densities that were orders of magnitude 277 
higher than in water at the same beaches. Persistent FIB have been reported in submerged, 278 
foreshore, and backshore sand (Byappanahalli et al. 2006b; Whitman and Nevers 2003; Zehms et 279 
al. 2008), including those in cold northern environments (Ishii et al. 2007). 280 
 281 
 282 
The evolution of thought about the replication potential of FIB that occupy “secondary” habitats 283 
(e.g. sand, water, soil) is worthy of consideration here, as it impacts the conceptualization of their 284 
role in the sand microbial community. The tropical soils of Hawaii and Guam were an early 285 
focus of research on the replication of FIB in secondary habitats (Byappanahalli and Fujioka 286 
1998; Byappanahalli et al. 2012b; Fujioka et al. 1999; Fujioka 2001; Hardina and Fujioka 1991).  287 
E. coli was shown to replicate in soil collected from south Florida river banks (Solo-Gabriele et 288 
al. 2000). A 2003 workshop consensus concluded that FIB can multiply and persist in soil, 289 
sediment, and water in some tropical/subtropical environments (Hawaii, Guam, Puerto Rico, 290 
south Florida) (Fujioka and Byappanahalli 2003).  Numerous studies have since demonstrated 291 
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this phenomenon, even in temperate soils that experience wide seasonal variability in 292 
temperature (Brennan et al. 2010; Byappanahalli et al. 2006a; Ishii et al. 2006).  E. coli and 293 
enterococci have since been shown to grow in such diverse habitats as marine and freshwater 294 
macrophytic algae (Whitman et al. 2003), periphyton (Ksoll et al. 2007), plankton-amended sand 295 
(Byappanahalli et al. 2006b), bromeliads (Bermudez and Hazen 1988; Rivera et al. 1988), 296 
pitcher plants (Whitman et al. 2005), pulp mill waste (Gauthier and Archibald 2001), Australian 297 
reservoir (Ashbolt et al. 1997), soils (Byappanahalli et al. 2003a; Ishii et al. 2006), and silt (Solo-298 
Gabriele et al. 2000).  These works and others challenged the paradigm that FIB in secondary 299 
habitats such as sand are always primarily of fecal origin. 300 
 301 
Alm et al. (2006) showed that in autoclaved mesocosm sand studies,  E. coli grew at 19° C from 302 
2 CFU/g to over 2 × 105 CFU/g sand in 48 hr and persisted at that level for 35 days. In situ 303 
diffusion studies showed persistence of culturable E. coli at 5 logs MPN/100 g in Lake Huron 304 
beach sands for 45 days.  Lee et al. (2006) showed remarkable replication in both overlying 305 
water and autoclaved sand in microcosm experiments suggesting that enclosed beaches favored 306 
increased FIB replication.  Wetting and drying of sand was found very important to replication of 307 
FIB in marine beaches with a doubling time of 1.1 to 3.1 per day (Yamahara et al. 2009).  308 
Evidence for autochthonous FIB replication is more difficult due to multiple in situ sources and 309 
variation in nature.  Nonetheless circumstantial evidence supports multiplication in sand. 310 
Whitman et al. (2003) monitored FIB in upland beach sand before and after replenishment and 311 
found that E. coli returned to its former concentration (104 MPN/100 g) within 2 weeks.  Despite 312 
recurring foreshore removal by storms, Whitman and Nevers (2003) were able to demonstrate 313 
population homeostasis of E. coli in foreshore sands (4-5 log MPN/g), compared to much wider 314 
variation in submerged sands and at various water depths. 315 
 316 
Genotyping of E. coli populations in human feces and septic systems revealed distinct 317 
populations in the two environments (Gordon et al. 2002), leading the authors to conclude that 318 
certain E. coli types are better adapted to survival in secondary habitats than others. Later work 319 
demonstrated that encapsulated E. coli were capable of replicating bloom proportions in two 320 
Australian lakes, leading the authors to propose that these strains are capable of a “free-living” 321 
lifestyle (Power et al. 2005).  Work conducted in temperate soils and other secondary habitats 322 
 11 
 
shows certain E. coli genotypes, termed “naturalized,” to be capable of replication in extra-323 
intestinal habitats (Ishii et al. 2007; Ishii and Sadowsky 2008). 324 
 325 
 326 
Abiotic Factors that Influence Fate 327 
 328 
Many environmental factors influence the fate of microbes in sand, including abiotic factors such 329 
as moisture, temperature, sunlight, and nutrients, and biotic factors such as competition, and 330 
predation.  Some of these factors have been explored in beach sand, while for others the effect 331 
must be inferred from other environments. 332 
 333 
Moisture and Rainfall. Water activity (aw), or the availability of free water molecules, is a critical 334 
life requirement for microbes (Atlas and Bartha 1997). Most bacteria prefer aw of 0.97 or above; 335 
however, bacteria such as Staphylococcus spp. can grow at aw of 0.85, and halophiles such as the 336 
archaeon Halobacterium tolerate aw 0.75. Some fungi are even more xerotolerant, growing at 337 
0.60 (Atlas and Bartha 1997). Production of organic solutes such as trehalose may mediate 338 
resistance to desiccation in E. coli strains adapted to survive in soils and sand (Zhang and Yan 339 
2012). Mika et al. (2009) found that desiccation was a potent inactivating factor for E. coli, but 340 
not enterococci, in sewage-contaminated sand. However, more water is not always better; e.g. 341 
Solo-Gabriele et al. (2000) found that soil hydrated to 14% moisture with brackish water 342 
harbored higher E. coli concentrations than soil with 34% moisture.  Differential tolerance to 343 
desiccation was observed for FIB in soils under laboratory conditions (25°C), where E. coli 344 
levels decreased markedly in response to decreasing moisture, while enterococci levels remained 345 
relatively consistent (Byappanahalli and Fujioka 2004).     346 
 347 
 348 
Moisture content of sand varies widely depending upon factors such as location on the beach, 349 
grain size, and depth to the water table. In beach sand, water is located in the interstitial spaces 350 
between sand grains (pore water).  Foreshore sand, nearest the water, generally has reported 351 
moisture content between 12 and 25% (Alm et al. 2003; Beversdorf et al. 2007; Ishii et al. 2007; 352 
Sampson et al. 2006; Whitman and Nevers 2003). Average moisture content in sand at a Florida 353 
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marine beach was 8.4% for dry, backshore sand, 20.4% for wet sand, and 24.7% for water-354 
inundated sand (Shah et al. 2011). Microbial levels in unsaturated sands may experience more 355 
variability due to moisture fluctuation compared to microbes below the water table that inhabit a 356 
consistently moist environment. 357 
 358 
FIB have been recovered from all areas of beaches, ranging from relatively dry backshore sand 359 
to the moist sand in the swash/intertidal zone (Wright et al. 2011), and at depths ranging from the 360 
surface to the water table.  In the study described above (Shah et al. 2011), an inverse correlation 361 
was found between FIB (e.g. enterococci, fecal coliforms, E. coli) and moisture content, 362 
indicating that ~8% is enough moisture to promote survival of bacteria, yeasts, and nematodes. 363 
In general, wet foreshore sand at freshwater beaches contains a greater density of FIB than sand 364 
submerged under lake water or dry backshore sand (Beversdorf et al. 2007; Whitman and Nevers 365 
2003; Zehms et al. 2008).  However, three studies at a marine beach in Florida found higher 366 
concentrations of enterococci or E. coli in supratidal sand, above the high tide mark, compared to 367 
sands with higher moisture content in the intertidal zone (Abdelzaher et al. 2010; Enns et al. 368 
2012; Phillips et al. 2011a).  One of their explanatory hypotheses for this result was that 369 
protozoan predators may not survive well in dryer sands, leading to greater survival of 370 
enterococci. 371 
 372 
Another study showed that when seawater was added to sand collected from the supratidal zone, 373 
enterococci replication occurred as measured by either culturable or quantitative PCR (qPCR) 374 
methods (Yamahara et al. 2009). Rainfall can also produce a large increase in culturable E. coli 375 
in sand (Beversdorf et al. 2007; Kleinheinz et al. 2009; Sinigalliano et al. 2007); however, 376 
neither antecedent rainfall nor moisture was correlated with enterococci concentrations in sand in 377 
a study of several Florida beaches (Piggot et al. 2012). Several hypotheses, which are not 378 
mutually exclusive, can be advanced to explain the positive response of sand-dwelling FIB to 379 
rainfall: (1) rainfall may transport microbes from the watershed to the sand; (2) microbes may be 380 
resuscitated from a viable but non-culturable state when moisture increases; or (3) the microbes 381 
may multiply in response to increased moisture. At a specific beach, the zone with the highest 382 
densities of FIB may be the one where the moisture content of the sand is within the optimal 383 
range to support either persistence or replication. Alternatively, the moisture content of the sand 384 
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may influence protozoa that graze on bacteria, leading to greater FIB levels in zones where the 385 
moisture content is not suitable for protozoa. Clearly, the complex relationship between moisture 386 
and microbial levels in sand is not well understood. 387 
 388 
Sunlight Irradiation. The damaging wavelengths of sunlight, particularly those in the ultraviolet 389 
(UV) range below 300 nm, contribute to microbial inactivation in aquatic environments (Davies-390 
Colley et al. 1994; Romero et al. 2011). Although short-wavelength UVC light is the most 391 
microbicidal, this wavelength is effectively absorbed by ozone and other constituents of the 392 
atmosphere (http://www.who.int/uv/uv_and_health/en/). In contrast, UVB light (280-320 nm) 393 
directly damages the genome (Schuch and Menck 2010; Sutherland 1981).  UVA radiation and 394 
full-spectrum sunlight are also damaging, particularly when coupled with exogenous activators 395 
such as humic acids (Romero et al. 2011). Whitman and co-workers (2004) determined that E. 396 
coli levels in Lake Michigan were higher in the morning and on cloudy days compared to the 397 
afternoon or on sunny days, and that insolation rather than UV radiation alone was correlated 398 
with E. coli inactivation.  Similarly, E. coli levels in marine water were also greater at 8 am than 399 
noon, presumably due to greater insolation (Hamilton et al. 2010). 400 
 401 
The sand environment probably provides E. coli and other bacteria with protection from the 402 
inactivating effects of irradiation. Mika et al. (2009) found that exposure to sunlight was not a 403 
significant factor in the decline of E. coli concentrations in sand over an eight day period. 404 
Another study found that exposure to UV radiation did not affect the densities of E. coli in sand 405 
compared to controls maintained in the dark (Beversdorf et al. 2007).  Although Imamura et al. 406 
(2011) found that E. coli and enterococci levels remained higher in dark microcosms compared 407 
to those exposed to sunlight, the microcosms were incubated on a rooftop and sand temperature 408 
may well have been a factor in the differential rate of decline of the FIB. 409 
 410 
Temperature. Temperature affects E. coli persistence and E. coli replication in sand differently.  411 
E. coli may persist longer in beach sand in cooler temperatures, as studies of soil or sand 412 
inoculated with E. coli and incubated at temperatures between 4°C and 37°C showed that the 413 
decay rate of E. coli was lower at the cooler temperatures (Ishii et al. 2006; Sampson et al. 2006). 414 
A study of sewage-contaminated sand (Mika et al. 2009) found that E. coli and enterococci 415 
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survived very poorly at sand temperatures above 50° C.  Higher temperatures may promote an 416 
increase in E. coli densities during summer months (Edge and Hill 2007; Francy et al. 2003; Ishii 417 
et al. 2007; Twinning et al. 1993; Whitman and Nevers 2003; Zehms et al. 2008), suggesting the 418 
possibility of replication at warmer temperatures. Laboratory microcosm and field incubation 419 
studies show that E. coli is capable of growing in sand at ambient temperatures (Alm et al. 2006; 420 
Byappanahalli et al. 2006b). E. coli densities increased transiently over a wide range of 421 
temperatures from 4°C to 44.5°C in a study in which sand was exposed to controlled 422 
temperatures in the laboratory or ambient temperatures outdoors.  Although the significance of 423 
the increase was not determined, ambient temperatures that ranged from 23 - 32° C achieved the 424 
greatest level of replication (Beversdorf et al. 2007).  425 
 426 
Evidence suggests that E. coli “overwinters” in sand at some freshwater beaches, even in 427 
temperate climates where freezing weather regularly occurs. E. coli densities in sand from Lake 428 
Erie beaches in February were as high as those in summer (Francy et al. 2003). E. coli were 429 
cultured from Lake Huron sand in December when the lake was frozen and snow covered the 430 
beach (Kon et al. 2007) and were also recovered from frozen sand in Lake Superior (Ishii et al. 431 
2007).  E. coli  at levels as low as 2 cells/g sand was recovered from frozen sand on a Lake 432 
Superior beach in Duluth-Superior Harbor (Johnson and Sadowsky, unpublished). Monthly 433 
samples taken over an 18-month period along southern Lake Michigan showed diminished 434 
concentrations for E. coli in winter but continued persistence in both fore- and backshore (near 435 
the groundwater table) sands (Byappanahalli et al. 2006b).  E. coli was, however, undetectable in 436 
sand at northern Lake Michigan beaches sampled in January (Zehms et al. 2008), suggesting that 437 
the presence of E. coli in sand during winter months at some beaches may be attributed to 438 
continuous sources rather than to overwintering. 439 
 440 
Nutrient Availability. Nutrient availability influences the survival of E. coli in freshwater beach 441 
sand. A study conducted in shoreline sand from Lake Huron measured total organic carbon, total 442 
phosphorus, and nitrogen species along with E. coli concentrations in inoculated microcosms and 443 
diffusion chambers, and found that nutrients were adequate to support replication of E. coli on 444 
the scale of five orders of magnitude (Alm et al. 2006). Additional nutrients can encourage 445 
further replication of E. coli. When sand was amended with plankton in laboratory experiments, 446 
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E. coli initially increased about 2 log and then gradually decreased, but remained 1 log higher 447 
than initial concentrations (Byappanahalli et al. 2006b). Generally, more complex carbon sources 448 
prolonged the replication of E. coli in microcosms relative to rapidly metabolizable substrates 449 
such as lactose (Ishii et al. 2010). Another study reported that survival of E. coli and enterococci 450 
in microcosms was greater when wrack (macroalgae that has washed onto the shore) was applied 451 
to the surface of the sand (Imamura et al. 2011).   452 
 453 
Biotic Factors that Influence Fate 454 
 455 
Predation by microfauna such as protozoa and nematodes on bacteria is an important top-down 456 
control on populations in many environments (reviewed in (Jousset 2012)). Bacterial competition 457 
for nutrients and other resources also shapes microbial community structure and influences the 458 
fate of both autochthonous and allochthonous community members (Korajkic et al. 2013; 459 
Stocker 2012; Wanjugi and Harwood 2013). Alm et al. (2006) found that E. coli in sterile sand 460 
grew to high densities in diffusion chambers, while levels in ambient sand adjacent to diffusion 461 
chambers were very low, suggesting that the autochthonous microbiota contributed to the 462 
removal of E. coli from the community. In another study, E. coli survival was significantly 463 
increased by removing competing bacteria from sand, but not by inhibition of protozoan 464 
predation with cycloheximide (Feng et al. 2010). 465 
 466 
Biofilms. Biofilms consist of bacteria, and sometimes other microbes such as algae and protozoa, 467 
attached to particles by an extracellular matrix whose main component is generally 468 
polysaccharides. This matrix is frequently termed extracellular polymeric substances (EPS) and 469 
can range from a loose slime to a complex structure with water channels enabling oxygenation 470 
deep within the biofilm. The adhesive structures of biofilm EPS can contribute to intertidal 471 
sediment stability (Yallop et al. 2000). Biofilms, which may be quite complex and include many 472 
microbial phyla, contribute to microbial survival in many environments, ranging from the human 473 
body to hydrothermal vents (reviewed in (Hall-Stoodley et al. 2004). Microbial communities can 474 
expand as the biofilm matures and cells can slough off together if resources become limited, but 475 
the structure of the mature biofilm generally limits the exchange of cells between sand and the 476 
porewater. Biofilm can provide several advantages to enteric bacteria introduced to the aquatic 477 
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environment, including protection from physical or chemical stressors, protection from 478 
predation, and the acquisition of advantageous genes through horizontal gene transfer within the 479 
biofilm. 480 
 481 
For allochthonous bacteria introduced to sands via water, two habitat spaces are broadly 482 
available: the porewater and the surface of the sand grains.  Despite potentially vigorous 483 
interaction between water, porewater, and sand (e.g., with wave run-up at a beach, infiltrating 484 
sand, and then draining out), these three environmental compartments host distinct bacterial 485 
communities.  Pyrosequencing studies of the bacterial diversity in the tidal flats of the North Sea 486 
show that only 2-3% of the unique bacterial constituents are present in all three habitats (Gobet 487 
et al. 2012).  Furthermore, total abundance of sand-associated bacteria is much greater than pore 488 
water bacteria, which has been estimated as having <0.2% of the total cell abundance found in 489 
sands (Gobet et al. 2012; Rusch et al. 2003). This partitioning between microbial communities 490 
on sand and in pore water can primarily be explained by the formation of biofilm on sand grains, 491 
as well as attachment to fine particulate matter.  492 
 493 
Sands covered in biofilm could contribute to the retention of waterborne pathogens at beaches.  494 
In laboratory studies, E. coli were flushed through sands before and after the formation of 495 
biofilm.  Sands retained approximately 9% of E. coli cells in pore water without biofilm, but in 496 
sands with a developed biofilm 47% of E. coli cells were retained under similar flow conditions 497 
(Wang et al. 2011).  Beyond that, a significant proportion of FIB and pathogens may enter the 498 
beach environment already attached to particles and possibly protected within particle-associated 499 
biofilm (Fries et al. 2006; Suter et al. 2011).  In the New River Estuary, 38% of FIB in the water 500 
column were particle-bound (Fries et al. 2006).  In the Lower Hudson River Estuary, a larger 501 
fraction of enterococci (52.9%) in the water column were associated with particles than the 502 
fraction of the total bacterial population (23.8%) associated with suspended particles (Suter et al. 503 
2011). Only 10% of the enterococci in beach sand could be recovered from pore water, 504 
suggesting that the remainder were attached to sand grains (Phillips et al. 2011b). A study 505 
conducted at eight saltwater beaches in Florida found consistent biofilm presence on the 506 
quartz/calcium carbonate sand grains common at these beaches. Enterococci density in supratidal 507 
sand was related to extracellular polysaccharide (EPS) levels in a non-linear manner, peaking at 508 
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~7 µg EPS/g  sand; however, a similar relationship was not found in sands from the intertidal or 509 
subtidal zones (Piggot et al. 2012). The knowledge that bacteria in aquatic environments 510 
generally “prefer” attachment to particles to a planktonic state is decades old (reviewed in 511 
(Costerton et al. 1987); therefore the question of the extent to which waterborne pathogens exist 512 
in biofilms in sand is a critical issue for the public health of beach users. 513 
 514 
Population Biology and Genetics. While studies that have extensively explored the population 515 
biology and genetics of bacteria in sand are scarce, some evidence exists for self-sustaining 516 
naturalized populations of FIB.  The dominant source(s) of E. coli in sand may influence the 517 
potential for persistence or replication. The observed increase of E. coli densities in sand during 518 
the summer at freshwater beaches could be due, in part, to shifts in contributions from various 519 
sources (e.g., at a Lake Superior beach).  E. coli in samples collected in spring originated from 520 
treated wastewater effluent, but as the seasons proceeded to summer and fall, the percentage of 521 
E. coli coming from Canada geese and ring-billed gulls increased (Ishii et al. 2007). Whitman 522 
and Nevers (2003) found that E. coli population levels in foreshore sands of Lake Michigan 523 
beaches remained roughly steady over six months, and newly introduced sands were quickly 524 
recolonized, suggesting either continual input from birds and wastewater, or that populations 525 
were in equilibrium with the carrying capacity of the habitat. 526 
 527 
Genotyping is a useful tool for exploring the relatedness of bacterial strains in the sand 528 
environment (Ishii and Sadowsky 2008). While Byappanahalli et al. (2006b) did not see 529 
evidence of the selection of a specific genotype of E. coli in sand, other studies have reported the 530 
repeated recovery of certain genotypes, suggesting replication and/or differential survival. When 531 
analyzed by repetitive extragenic palindromic PCR (REP-PCR), 34 of 160 (21%) sand isolates 532 
from Lake Michigan could be placed into six clonal groups (Beversdorf et al. 2007).  REP-PCR 533 
analysis of E. coli recovered from Lake Huron foreshore interstitial water also revealed dominant 534 
strains of E. coli (Kon et al. 2007), and “naturalized” E. coli strains were found in Lake Superior 535 
sand by using a modified rep-PCR DNA fingerprinting technique (Ishii et al. 2007). Multiple 536 
isolates recovered from the same sampling location were identical or very similar, and different 537 
sites on a beach had distinct dominant strains.  Edge and Hill (2007) applied REP-PCR to 538 
indicate that E. coli populations in Lake Ontario beach sand were a unique subset of the 539 
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predominantly bird-derived E. coli that were likely more adapted to persisting in beach sand.  540 
They also found that the E. coli populations in the adjacent beach water were predominantly 541 
derived from beach sand rather than directly from bird fecal droppings.  E. coli recovered from 542 
intertidal sand and the water column of six Lake Huron and St. Clair River beaches also revealed 543 
extensive genetic diversity by multilocus enzyme electrophoresis and multilocus sequence typing 544 
(MLST), yet several genotypes were recovered from separate sites at different times (Walk et al. 545 
2007). Multilocus sequence typing suggested that natural selection favored the retention of 546 
certain genotypes of E. coli within the beach sand environment. One of the most common 547 
sequence types (ET-1) was isolated seven times at five of the six beaches, at all depths of sand 548 
sampled, and at separate times over 35 months, suggesting repeated isolation of a widespread 549 
genotype that is in high frequency at the beach (Walk et al. 2007). 550 
 551 
Methicillin-resistant Staphylococcus aureus (MRSA) and Staphylococcus spp. isolated from 552 
beach water and intertidal sands in Washington State were typed by several phenotypic and 553 
genotypic methods, including antimicrobial susceptibility and MLST (Soge et al. 2009). Four of 554 
the five MRSA strains isolated were similar to hospital isolates, rather than to strains associated 555 
with community-acquired isolates (Soge et al. 2009). 556 
 557 
Viable but Nonculturable Bacteria. With the exception of studies where qPCR is specifically 558 
mentioned, all of the findings discussed in this section were derived from experiments in which 559 
bacteria were cultured on selective-differential media. While culturing bacteria has many 560 
advantages, including the knowledge that the cells counted are living and the sensitivity to detect 561 
one target cell, many bacteria enter a state termed viable but nonculturable (VBNC) when they 562 
are physiologically stressed (reviewed in (Grimes et al. 1986; Oliver 2010). In this state, FIB and 563 
enteric pathogens remain metabolically active and have the potential to infect a host and/or to 564 
become culturable when they encounter more favorable conditions (resuscitation) (Alam et al. 565 
2007; Heim et al. 2002; Pommepuy et al. 1996). Furthermore, VBNC-inducing stresses vary 566 
from one species to the next and include salinity, nutrient level, and temperature, to name a few. 567 
Quantitative PCR, which detects viable and nonviable cells, as well as free environmental DNA, 568 
generally measures higher levels of target bacteria than the corresponding culture-dependent 569 
method (Ahmed et al. 2012; Chase and Harwood 2011; Khan et al. 2009; Lavender and 570 
 19 
 
Kinzelman 2009). Because regulatory, monitoring, and many clinical applications of 571 
microbiology detect FIB and pathogens by culture methods, the VBNC phenomenon represents a 572 
potential confounding factor in any microbiology experiment, and should be further explored in 573 
the beach sand environment. 574 
 575 
4.  TRANSPORT OF MICROBES TO, THROUGH, AND FROM SAND 576 
 577 
In addition to allochthonous sources (Section 2) fate-related processes (Section 3), which 578 
influence persistence and replication of microbes, the concentrations of specific microbes within 579 
the micropsammon are influenced by transport processes that move microbes from one reservoir 580 
to another.   581 
 582 
The reservoirs where the micropsammon reside vary considerably in scale (Ginn et al. 2002).  At 583 
the small scale, the reservoirs include the sand matrix and interstitial water, which contain 584 
microbial communities that are adhered to the sand matrix.  Above the water table, interstitial 585 
water may or may not entirely fill the pore space among sand grains which contain the biofilms.  586 
At a larger scale, the reservoirs include the nearshore waters, the wave impacted shoreline (i.e. 587 
the foreshore), the beach sand area not impacted by wave action (i.e. the backshore), and the air 588 
space immediately above the beach sand.  For marine waters, the zones are defined in terms of 589 
tidal ranges and include the subtidal, the intertidal, and the supratidal zones.  In the vertical 590 
direction, reservoirs include sand comprising the vadose zone (partially saturated) above the 591 
water table, at or below the water table, or permanently inundated (i.e. located below the 592 
nearshore or subtidal water as shown in Figure 1).  Small-scale transport processes can be 593 
integrated to describe the transport of microbes in the larger scale reservoirs within the beach 594 
environment.   595 
 596 
Given these definitions of different microbial reservoirs, transport of microbes within the sand 597 
environment can then be defined to occur:   598 
 599 
Through interstitial flow within the sand interstitial spaces 600 
Through sediment transport for microbes attached to sand 601 
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Through the exchange of microbes to and from the sand matrix 602 
Through the replication of the microbial population and the overall growth of biofilms.   603 
 604 
The microbial transport via all of these processes is influenced by the rate of fluid flow (e.g. 605 
water flow via surface runoff, groundwater flow, surface to subsurface infiltration/exfiltration, 606 
waves, and wind) throughout the beach environment.  Sediment transport at the larger scale 607 
manifests itself as drift and/or burial of the micropsammon. 608 
   609 
Interstitial Flow 610 
 611 
Interstitial flow of water through the sand pore spaces can occur under saturated conditions 612 
through groundwater flow or under unsaturated conditions within the vadose zone (the partially 613 
saturated sand zone located above the water table). The interstitial transport of microbes has been 614 
extensively evaluated through column experimentation (Logan et al. 2001; Rijnaarts et al. 1996) 615 
in the context of groundwater sources of drinking water (Díaz et al. 2010; Robertson and Edberg 616 
1997) and in the context of bioremediation of dissolved chemical compounds (Ginn et al. 2002; 617 
Murphy and Ginn 2000).  Rare, however, are studies that focus on interstitial flow of microbes 618 
through beach sands.  In controlled laboratory studies that utilized washed quartz sand, Chen and 619 
Walker (2012) found that different fecal indicator bacteria have different behaviors during 620 
interstitial flow.  They found that E. faecalis would preferentially attach at the air/water interface 621 
whereas E. coli showed similar affinity to the air/water interface and to the sand surface.  In 622 
natural sand column experiments, Phillips et al. (2011b) observed that interstitial flow accounted 623 
for about 10% of the bacterial indicator (enterococci) transported through beach sands.  624 
Yamahara et al. (2007) also found that interstitial flow carries bacteria but in their case they 625 
observed nearly 100% of the bacteria transported through interstitial pore flow.  The discrepancy 626 
in the observations may be due to differences in sand column preparation and/or sand 627 
characteristics. Intact columns retrieved from the field may behave differently than reconstituted 628 
columns prepared in the laboratory.  We suspect that quorum sensing among bacteria may be 629 
playing a role in their release from the sand matrix.   630 
 631 
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Within the larger-scale beach environment, groundwater may flow from the aquifer to the open 632 
water body or vice versa depending upon the relative elevations between the exposed water 633 
surface and water table.  The rate at which the water moves through the groundwater system is 634 
dependent upon hydraulic conductivity of the sand, (in general between 10-2 to 10-1 cm/s) and 635 
water table gradient; the steeper the gradient the more rapid the flow.  In the Great Lakes, 636 
groundwater below beaches continuously flows towards and discharges into the lake.  Estimates 637 
of groundwater discharge fluxes at beaches of the Great Lakes range from approximately 15 to 638 
900 m3 per m of beach per year (Crowe and Meek 2009; Crowe and Milne 2013).  In marine 639 
systems, Boehm et al. (2004) found that microbes could be potentially transported to the surf 640 
zone through tidally driven exchange of groundwater, and de Sieyes et al. (2011) determined that 641 
groundwater could transport nutrients to the surf zone.  The maximum exchange of groundwater 642 
occurred during spring tides when water level gradients were the steepest, however the 643 
maximum transport of nutrients occurred during neap tides (de Sieyes et al. 2008) when the 644 
water level gradients are most shallow.  These nutrients, transported by groundwater, were 645 
hypothesized to promote the persistence and population replication of bacteria within the surf 646 
zone.   647 
 648 
Transport processes in the vertical direction, in the context of water movement, has also been 649 
well documented.  Infiltration of water from the surface can occur through precipitation, snow 650 
melt, accumulation of runoff (Price et al. 2013) or wave run-up (Xin et al. 2010).  This water, in 651 
turn, can transport nutrients and microbes. Vertical transport of microbes specifically through 652 
porous media has been evaluated extensively through soil column experiments.  Ripp et al. 653 
(2001) have shown that vertical fluctuations in water table elevation can cause the transport of 654 
microbes vertically within sand and soil columns.  Even without the vertical fluctuations, the 655 
groundwater can transport microbes upwards above the groundwater table by capillarity (Dunn et 656 
al. 2005), (upward movement, or wicking, of water from the water table under a negative 657 
pressure).    658 
 659 
Transport of the Sand Matrix 660 
 661 
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A wealth of well-established sediment transport theory dating back to the late 1800’s (Ettema 662 
and Mutel 2004) can be used as the basis for understanding and simulating sediment transport in 663 
the water environment.  Sediment transport includes deposition to the sand environment and the 664 
removal of sand particles through resuspension (Nielsen 1992). Resuspension can result in a 665 
significant importation of microbes into the water column if their concentrations are high in the 666 
sediment.  667 
 668 
Recent developments of sediment transport theory have focused on simulating sediment 669 
transport in the nearshore zone under the combined influence of current, waves, and in marine-670 
tidal systems (Feng et al. 2013; Ge et al. 2012a).  The processes can be dynamic and 671 
heterogeneous, given complex concentration distribution patterns in the water column and 672 
hydrodynamic conditions in the nearshore (Ge et al. 2010; Ge et al. 2012a; Inman et al. 1971).  673 
For example, FIB loading carried by nearshore currents can change with the variability of current 674 
velocity and direction within hours, and parts of an embayed beach (approximately 1 km cross-675 
shore and 2 km alongshore) can have different characteristics in retaining FIB from external 676 
sources depending upon the embayment infrastructure and the bathymetry (Ge et al. 2012b).  677 
 678 
Exchange of Microbes from the Sand Matrix 679 
 680 
An understanding of physico-chemical processes of microbial deposition and release from the 681 
porous matrix can be obtained from the water filtration literature and colloid filtration theory 682 
(Foppen et al. 2007), which defines many mechanisms of filtration including straining (Díaz et 683 
al. 2010) and electrostatic interactions (Johnson et al. 2007).  Field-scale studies have identified 684 
the classic mechanisms of dispersion, preferential flow, and mass transfer to immobile domains 685 
as additional important processes (Woessner et al. 2005).   686 
 687 
More recent fundamental developments focus on describing surface bio-chemical characteristics 688 
and other biotic factors that influence transport.  Surface biochemical properties include 689 
lipopolysaccharides, proteins and other surface structures that promote the adherence of bacteria 690 
to surfaces (Foppen et al. 2010).  Murphy and Ginn (2000) link attachment/detachment rates of 691 
bacteria to surfaces to changes in metabolic activity.  They found that changes in metabolic 692 
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activity control the partitioning of the microorganism between the aqueous and solid phase.  693 
They argue that when describing the transport of bacteria through porous media, both physical 694 
processes and biotic processes should be considered, as the interplay will dictate transport.  In 695 
addition to the physical exchange of bacterial cells between the sand matrix and interstitial pore 696 
water, Lovins et al. (1993) found that introduced bacteria (in this case genetically engineered 697 
Pseudomonas aeruginosa) were capable of exchanging genes with native bacterial populations 698 
as they are transported through soil columns.  Such exchange adds another layer of complexity to 699 
the overall transport process that influences microbial community composition.   700 
 701 
Within the larger scale beach surface environment, the influence of waves can be considerable.  702 
Physical processes induced by wave action include shearing effects between the water and solid 703 
matrix phase and abrasion between sand particles.  Russell et al. (2012) specifically evaluated 704 
transport of enterococci from naturally contaminated beach sands to the groundwater table via 705 
infiltrating seawater.  They found that infiltrating seawater could influence detachment of 706 
enterococci from beach sand, transporting them to the groundwater. These detached bacteria 707 
could then be discharged to coastal waters via submarine groundwater discharge. 708 
 709 
A by-product of wave effects is the transport of microbes to and from the sand.  As a possible 710 
consequence of wave-induced transport, several studies have found that water quality is related 711 
to adjacent sand quality (Beversdorf et al. 2007; Kinzelman et al. 2004; Phillips et al. 2011a; 712 
Skalbeck et al. 2010). Alm et al. (2003) found that E. coli densities in the wave-washed swash 713 
zone of the beach correlated with densities in adjacent surface water, particularly for the top 714 
several centimeters of sand.  While E. coli move back and forth between water and sand, the net 715 
movement of E. coli is from the foreshore zone of the beach lakeward into the water (Whitman 716 
and Nevers 2003). Whitman and Nevers (2003) also found correlations (r = 0.625 with P < 717 
0.001)  between foreshore sand and surface water FIB concentration at 45 and 90 cm water 718 
depths throughout the day, an indication that this exchange is persistent rather than transient in 719 
the nearshore environment.  Edge and Hill (2007) used MST techniques to determine that E. coli 720 
in beach water at a Lake Ontario beach were predominantly derived from beach sand up to 150 721 
meters offshore.  When evaluating genetic characteristics, the FIB found in marine beach waters 722 
were more similar to bacteria in sand than to other potential sources (Bonilla et al. 2006), such as 723 
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wastewater; the combined effects of the detachment of the microbes from the sand and erosion of 724 
sediment from the beach surface contribute to nearshore water quality. In addition, exfiltration 725 
through the beach face during wave run-up and downwash cycles could also import sand-borne 726 
microbes into the swash zone (Li et al. 2002). In a recent study, a mass-balance model predicted 727 
that sand was the dominant source of enterococci to nearshore marine waters at a California 728 
beach (Russell et al. 2013).  729 
 730 
Growth-Induced Transport 731 
 732 
The physical growth of biofilms in the subsurface has been evaluated for the purpose of 733 
developing biobarriers which are biofilm layers used for the removal or retardation of 734 
contaminants within groundwater (Cunningham et al. 1991; Ross et al. 2001).  The process 735 
involves the irreversible adsorption of the bacteria to a surface from which the bacteria then 736 
multiplies and secretes EPS (Perkins et al. 2000).  Through this process the microbes change the 737 
hydrology of the system by decreasing the hydraulic conductivity (Ross et al. 2001), which in 738 
turn impacts the rate at which microbes adsorb and uptake nutrients.  Piggot et al. (2012) found 739 
that indicator bacteria are found at optimum levels of EPS.  They suggest that biofilms are 740 
necessary at low levels to promote the survival of enterococci.  Too much biofilm, however, 741 
inhibits enterococci.  Bonilla et al. (2007) observed the spread of FIB in undisturbed beach sand 742 
during periods of no rainfall.  This spread was attributed to the possible growth of biofilms 743 
which, over time, can potentially increase the distribution of microbes throughout the beach 744 
environment.  Thus bacteria can move within beach sand and other porous environments without 745 
a carrier fluid or carrier sand matrix.  Their ability to form biofilms allows the micropsammon to 746 
spread through environmental systems at a rate governed by their rate of multiplication and EPS 747 
production.   748 
 749 
5. PUBLIC HEALTH IMPLICATIONS OF SAND MICROBES   750 
 751 
Humans receive extensive exposure to sand-associated microbes during recreational activities. 752 
These microorganisms may be autochthonous or allochthonous (Section 2). While most of them 753 
are harmless, some are pathogenic, and the potential for pathogen  occurrence is particularly 754 
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great when sand is contaminated by human or animal waste. Pathogens that have been  reported 755 
from sand habitats are discussed below.  756 
 757 
Pathogen Occurrence in Sand 758 
 759 
While there have been few studies of microorganisms in beach sand compared to beach water, 760 
there have been even fewer studies of human pathogenic microorganisms in beach sand.    761 
Studies indicate that a variety of potential pathogens have been reported from beach sand (Table 762 
2).   While many of the reported pathogens are of fecal origin, importantly, some are not.  Some 763 
of these pathogens cause disease among individuals with normal immune systems whereas others 764 
are  considered opportunistic pathogens only capable of causing disease in individuals with 765 
weakened immune systems.  It is also important to note that almost all of these studies have been 766 
based on detecting taxonomic groups (e.g. genera or species) known to contain pathogenic 767 
strains of bacteria, protozoa, fungi or viruses in beach sand.  While some taxonomic groups may 768 
be comprised of mostly pathogenic strains, others may be comprised of many strains that are not 769 
associated with causing human disease.  Characterization of the virulence characteristics of 770 
putative pathogens detected in beach sand, or determining whether they are genetically similar to 771 
clinical strains known to cause human disease, has rarely been done.  In the future, additional 772 
research will be required to more fully evaluate whether pathogens reported from beach sand are 773 
strains likely to cause disease in healthy individuals. 774 
 775 
 776 
Bacterial Pathogens 777 
 778 
A variety of pathogens have been reported in beach sand, including bacterial pathogens with 779 
antimicrobial resistance such as methicillin-resistant Staphylococcus aureus (MRSA)  (Goodwin 780 
and Pobuda 2009; Goodwin et al. 2012; Levin-Edens et al. 2012; Shah et al. 2011; Soge et al. 781 
2009; Yamahara et al. 2012).  While hospital settings and the retail food supply are increasingly 782 
recognized as important sources of antimicrobial resistant pathogens, the extent of sand-borne 783 
exposure is not known.  In addition, the public health implications of antimicrobial resistance in 784 
FIB (Bennani et al. 2012; de Oliveira and Pinhata 2008; Edge and Hill 2009; Roberts et al. 2009) 785 
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and naturally occurring heterotrophic bacteria (de Oliveira et al. 2010; Mudryk et al. 2010) found 786 
in beach sands is still poorly understood.   787 
 788 
Aeromonas spp. 789 
 790 
Khan et al. (2009) found that both culture and qPCR-based detection methods enumerated higher 791 
numbers of Aeromonas bacteria in interstitial pore water of foreshore sand than in adjacent 792 
surface water at two freshwater beaches on Lake Ontario.  Foreshore sand was found to serve as 793 
a reservoir for higher numbers of aeromonads, similar to this phenomenon for FIB like E. coli.  794 
Khan et al. (2009) did not specifically confirm the pathogenicity of any Aeromonas isolates 795 
recovered from beach sand, however outbreaks of Aeromonas hydrophila have been attributed to 796 
recreational exposures to mud fields (Vally et al. 2004).          797 
 798 
Campylobacter spp. 799 
 800 
Campylobacter has been commonly reported from a variety of beach sands.  Campylobacter was 801 
detected in 82/182 (45%) sand samples collected at each of the four UK marine beaches 802 
investigated  by Bolton et al. (1999).  The frequency of detection was higher (50%, n = 92) at the 803 
two beaches that were not compliant with the EC Bathing Water Directive standard, compared to 804 
the two compliant beaches (40%, n=90).  Campylobacter was detected more commonly in wet 805 
sand 1-2 m from the water’s edge, than in dry sand from just below the high water mark. The 806 
highest detection frequency (77%) for Campylobacter occurred in the wet sand at one of the non-807 
compliant beaches (n=26).  However, Campylobacter was also found to be common (50%) in 808 
dry sand at one compliant beach where mean water content of the sand was only 4-11%.  Bolton 809 
et al. (1999) detected C. jejuni, C. coli, C. lari, and urease positive thermophilic campylobacters 810 
at each beach.  C. jejuni was most common at the two non-compliant beaches, while C. lari was 811 
most common at the two compliant beaches.  Many of the Campylobacter isolates were subtypes 812 
frequently isolated from patients with Campylobacter diarrhea in England.      813 
 814 
Obiri-Danso and Jones (2000) also detected Campylobacter in sediments at three marine beaches 815 
in Morecambe Bay in northwestern England.  Campylobacter geometric mean numbers in these 816 
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sediments were about 3 MPN/cm3, which were one to two orders of magnitude lower than the 817 
numbers of FIB in the same sediments.  There was no relationship between occurrence of 818 
Campylobacter and FIB presence or density.   Campylobacter were isolated more frequently 819 
from sediments in colder months and were generally absent in the spring and summer.  No C. 820 
jejuni or C. coli were detected.  Most isolates were urease positive thermophilic campylobacters 821 
and C. lari suggesting an avian rather than sewage source.   822 
 823 
Ghinsberg et al. (1994) detected Campylobacter, including confirmed isolates of C. jejuni, in 824 
52/115 (45%) of sand samples collected from bathing beaches in Israel.  Campylobacter 825 
densities ranged between 13 and 20 CFU/g sand and were higher than in adjacent surface water.  826 
Yamahara et al. (2012) investigated the occurrence of bacterial pathogens in dry sand at 53 827 
California marine beaches.  Campylobacter spp. was detected in sand at 13% of these beaches, 828 
and while it was found to be more commonly associated with higher sand moisture, it had no 829 
significant relationship to any indicator organism.  Campylobacter species have been commonly 830 
detected in foreshore beach sand at some freshwater beaches in the Great Lakes.  For example, 831 
C. jejuni and C. lari have been commonly detected in beach sand at Bayfront Park and Pier 4 832 
Beaches in Hamilton Harbour (Lake Ontario) that are impacted by bird fecal droppings (Khan et 833 
al. 2013); Edge, unpublished data).  Like marine studies, the frequency of detection and numbers 834 
of Campylobacter were higher in beach sand than adjacent surface water at these two beaches.  835 
Campylobacter species were also detected in foreshore beach sand at several Lake Simcoe 836 
Beaches in southern Ontario (Khan and Edge 2013).  Campylobacter was detected more 837 
commonly in beach sand interstitial samples (27%) than adjacent ankle (9%) or chest (5%) depth 838 
surface water samples at these beaches.  Among 67 beach sand interstitial samples from Lake 839 
Simcoe beaches, Khan and Edge (2013) found C. jejuni (18%) most common, followed by C. 840 
lari (10 %); C. coli were not detected.  Campylobacter concentrations in Lake Simcoe beach 841 
sands were low, occurring at minimum detection levels of 3-30 cells/L of interstitial pore water.  842 
 843 
Escherichia coli (E. coli) pathotypes 844 
 845 
While there have been an increasing number of studies investigating the occurrence of E. coli in 846 
beach sand, these studies have rarely looked at E. coli as a pathogen.  While E. coli is often seen 847 
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as a commensal microorganism, a variety of E. coli pathotypes can be recognized based largely 848 
on their associated clinical effects in humans.  Kaper et al. (2004) categorized E. coli pathogens 849 
into eleven different pathotypes, ranging from EHEC enterohemorrhagic strains (e.g. E. coli 850 
O157:H7) to ExPEC strains causing extraintestinal diseases such as urinary tract infections. 851 
 852 
A few studies have reported on the occurrence of E. coli pathotypes at recreational beaches, 853 
however, these studies have been largely limited to beach water rather than beach sand.  While 854 
there have been a growing number of studies reporting on the large numbers of E. coli that can 855 
be recovered from beach sand, there has been little investigation into what proportion of these 856 
could cause human infections.  Bauer and Alm (2012) reported the detection of an E. coli 857 
O157:H7 isolate from beach sand at a Lake Huron beach in Michigan, USA.  Dabrowski (1982) 858 
isolated closely related Shigella bacteria from marine beach sand in Poland. However, Goodwin 859 
et al. (2009) did not detect E. coli O157:H7 in Florida beach sand.  Harrison and Kinra (2004) 860 
did not detect E. coli O157 in beach sand as part of an outbreak investigation in the U.K.  E. coli 861 
O157:H7 was found to survive in simulated U.K. marine beach sand for at least 5 days under 862 
both dry conditions and regular wetting-drying tidal cycles (Williams et al. 2007).      863 
 864 
Bauer and Alm (2012) found that genes coding for pathogen attachment proteins intimin (eae) 865 
and bundle-forming pilus (bfp) were commonly detected in E. coli isolates from beaches along 866 
Lake Huron and Lake St. Clair.  The eae gene was detected in 94/121 (78%) of E. coli 867 
enrichments from beach sand samples across seven beaches.  However, the toxin gene stx1 was 868 
not detected in any sand sample, and the stx2 gene was only detected in 2/121 (1.7%) of sand 869 
samples.  Bauer and Alm (2012) suggested that the higher frequencies of attachment genes rather 870 
than toxin genes in E. coli from beach sand could be associated with enabling greater E. coli 871 
attachment and persistence in the beach swash zone.  They also raised concern that beach sand 872 
could be serving as a reservoir for pathogenicity genes that could contribute to the emergence of 873 
novel pathogens. 874 
 875 
Conversely, Ishii et al. (2007) detected hemolysin production and the attachment protein intimin 876 
(eae) gene that is associated with E. coli pathogenicity in only one of 3557 isolates from beach 877 
sand and surface water samples at a Lake Superior beach in Minnesota.  Shiga toxin genes (stx1 878 
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and stx2) were not detected.  Kon et al. (2007) also did not detect any pathotypes from DNA 879 
microarray studies of E. coli isolates from Lake Huron beach sand. All 50 E. coli isolates that 880 
were examined by Kon et al. (2007) possessed incomplete pathotype gene sets, and only three 881 
isolates possessed a single tetracycline resistance gene.  However, a caveat for DNA-based 882 
analyses of E. coli isolates is that the culture isolation step is often performed at 44.5°C which 883 
reduces the likelihood of detecting some E. coli pathotype strains such as O157:H7.    884 
 885 
Pseudomonas aeruginosa 886 
 887 
Pseudomonas aeruginosa has been reported from beach sediments at Great Lakes beaches in 888 
Ontario, Canada (Palmer 1988; Seyfried et al. 1985), as well as in beach sand at a subtropical 889 
marine beach in Florida, U.S. (Esiobu et al. 2004) and from dry sand at South Carolina marine 890 
beaches (Stevens et al. 2012).  Ghinsberg et al. (1994) found P. aeruginosa at higher levels in 891 
beach sand than in beach water along the Israeli coast.  More than 103 P. aeruginosa CFU/g sand 892 
were measured at some beaches.  Mendes et al. (1993) commonly detected P. aeruginosa in 893 
beach sands at marine beaches in Portugal, and concentrations were measured as high as 2.4 × 894 
107 cells/g sand.  P. aeruginosa was also commonly detected in beach sand at beaches in the 895 
Azore Islands, reaching over 103 MPN/g sand (Mendes et al. 1997).  Sanchez et al. (1986) 896 
detected P. aeruginosa commonly in beach sand at eight marine beaches in Sao Paulo, Brazil, 897 
and numbers were much higher in the sand than adjacent beach water.  Concentrations exceeded 898 
104/100 g, and numbers better correlated with total coliforms than FIB in sand.  Elmanama et al. 899 
(2005) detected Pseudomonas aeruginosa in almost all 130 sand samples analyzed from the 900 
swash zone at marine beaches along the Israeli coast.  They found P. aeruginosa concentrations 901 
as high as 900 CFU/100 g sand and considered the widespread occurrence of this microorganism 902 
as alarming.  Mohammed et al. (2012) suggested P. aeruginosa might be useful to assess sanitary 903 
conditions of beach sand in the absence of ideal indicators of non-enteric health risks.  904 
 905 
Salmonella spp. 906 
 907 
A number of studies have detected Salmonella in beach sand.  Salmonella was found in sand at 908 
three of four marine beaches in England (Bolton et al. 1999), although two of the beaches only 909 
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had a single Salmonella detection.  Salmonella was detected in 10/182 (6%) of all sand samples.  910 
There was a higher detection frequency of Salmonella detection (9%, n=92) at two beaches that 911 
were not compliant with the EC Bathing Water Directive standard, compared to two compliant 912 
beaches (2%, n=90).  Salmonella was detected in both wet sand 1-2 m from the water’s edge and 913 
dry sand just below the high water mark.  Bolton et al. (1999) isolated six different Salmonella 914 
serotypes from the beach sand, including two isolates of S. enteritidis (phage types 5 and 8), and 915 
two isolates of S. typhimurium (phage types 99 and 154). 916 
 917 
Yamahara et al. (2012) investigated the occurrence of bacterial pathogens in dry sand at 53 918 
California marine beaches using qPCR techniques.  Salmonella was detected in sand at 15% of 919 
these beaches, and while it was found more associated with higher sand moisture, its occurrence 920 
was only correlated with culturable E. coli.  Byappanahalli et al. (2009) detected Salmonella in 921 
beach sand and sediment at 63rd St. Beach on Lake Michigan.  These beach sands were suggested 922 
to be a reservoir for exchange of Salmonella with filamentous Cladophora algae on the beach.  923 
Salmonella (serotype agona) was detected in only one dry sand sample (n=30) and one wet sand 924 
sample (n=30) out of 60 sand samples collected across three marine beaches in Brazil (Vieira et 925 
al. 2001).  Elmanama et al. (2005) detected Salmonella in 9/130 (7%) of sand samples from the 926 
swash zone at marine beaches along the Israeli coast.  They found Salmonella more common in 927 
beach sand than the adjacent beach waters.  Shatti and Abdullah (1999) detected Salmonella in 928 
several wet beach sand samples from a Kuwait beach impacted by wastewater discharges.  While 929 
Campylobacter was detected by Obiri-Danso and Jones (2000) in UK marine beach sediments, 930 
Salmonella was not detected in their study.  Salmonella was also not detected in 171 sand 931 
samples from marine beaches in Sao Paulo, Brazil (Sanchez et al. 1986) or in 39 submerged sand 932 
samples from two marine Italian beaches (Pianetti et al. 2004). 933 
 934 
Staphylococcus aureus 935 
 936 
Staphylococcus aureus is an opportunistic pathogen, although some strains are capable of 937 
causing disease in healthy individuals.  Staphylococcus species have been reported from beach 938 
sands in Egypt (Dowidart and Abdel-Monem 1990), Chile (Prado et al. 1994), and Italy 939 
(Bonadonna et al. 1993).  Ghinsberg et al. (1994) found S. aureus at higher levels in beach sand 940 
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than in beach water along the Israeli coast, with more than 103 S. aureus CFU/g sand measured 941 
at some beaches.  Similarly, Papadakis et al. (1997) analyzed wet sand samples from two marine 942 
beaches in Greece, and S. aureus was detected at both beaches.  S. aureus was recovered more 943 
often from the beach sand than adjacent beach water.  Sand samples contained higher levels of S. 944 
aureus in the summer months, and this was attributed to higher numbers of bathers at these 945 
beaches as S. aureus counts in sand were correlated with the number of swimmers at the more 946 
popular beach.  Papadakis et al. (1997) drew attention to the importance of pathogens like S. 947 
aureus in beach sand, particularly for children, and that FIB may not be good indicators of health 948 
risks from non-fecal pathogens.  949 
 950 
S. aureus has been commonly reported from beach sand at subtropical marine beaches in Florida, 951 
U.S. (Esiobu et al. 2013; Esiobu et al. 2004; Plano et al. 2011; Shah et al. 2011).  Esiobu et al. 952 
(2004) detected S. aureus in wet and dry sand from three marine beaches in southern Florida, 953 
where S. aureus was more abundant in sand than adjacent water and occurred at densities as high 954 
as 57.5 × 103 per g sand.  The numbers of S. aureus were higher in wet beach sand during 955 
summer months of more intense beach usage by bathers. Esiobu et al. (2013) detected S. aureus 956 
in beach sand at Florida marine beaches, with the highest average densities in dry sand at 3.46 × 957 
105 CFU/g.  They reported the occurrence of S. aureus to be associated with hotspots of human 958 
use and possible bacterial re-replication.  A brief epidemiology survey associated with this study 959 
found a slight association between beach use and skin infections, although S. aureus in beach 960 
sand was not found to constitute a major health risk. Shah et al. (2011) detected S. aureus more 961 
abundantly in beach sand than adjacent water, with levels ranging from 0.5 to 66 CFU/g sand at 962 
a Florida beach.  Shah et al. (2011) indicated that some indicator bacteria might be useful for 963 
predicting the occurrence of this pathogen in subtropical beach sand. Mohammed et al. (2012) 964 
demonstrated that S. aureus could proliferate in sterile sand microcosms, but not unsterile beach 965 
sand, and suggested that S. aureus might be useful in assessing the sanitary conditions of beach 966 
sand in the absence of ideal indicators of non-enteric health risks. 967 
 968 
S. aureus has also been detected in beach sand at marine beaches in Washington, U.S. (Levin-969 
Edens et al. 2012; Soge et al. 2009) and California (Yamahara et al. 2012).  Yamahara et al. 970 
(2012) found S. aureus in dry sand at 14% of 53 marine beaches in California, and its occurrence 971 
 32 
 
was correlated with a Bacteroidales human-specific DNA marker.  An intensive surveillance for 972 
S. aureus was conducted at several California marine beaches by Goodwin et al. (2012).  S. 973 
aureus was detected in 53% of beach sand samples collected across these beaches over three 974 
years (n=358).  The mean concentration of S. aureus in beach sand was 187 CFU/100 dry g, 975 
although concentrations were as high as 830 CFU/100 dry g at one beach. Goodwin et al. (2012) 976 
found S. aureus concentrations in beach sand were correlated with seawater S. aureus 977 
concentrations, seawater enterococci concentrations, seawater temperature, and wind strength 978 
(inversely).  It was suggested that beach sands were a source of S. aureus to adjacent seawaters 979 
at these California beaches.   980 
 981 
Concerns about the spread of antimicrobial resistance have prompted investigations of the 982 
occurrence of methicillin-resistant Staphylococcus aureus (MRSA) in beach sand, although 983 
transmission of MRSA cases via sand have been lacking to date.  MRSA have been detected in 984 
beach sand at a subtropical marine beach in Florida, U.S. (Shah et al. 2011) and temperate 985 
marine beaches in the northwest of the United States (Soge et al. 2009).  Levin-Edens et al. 986 
(2012) investigated beach sand at two marine beaches and one freshwater beach in the northwest 987 
of the United States.  They detected MRSA in 3/11 (27%) sand samples at the freshwater beach 988 
on Lake Washington, and 4/85 (5%) sand samples at the two marine beaches.  Yamahara et al. 989 
(2012) detected MRSA in beach sand at 3% of 53 marine beaches surveyed in California.  990 
Goodwin and Pobuda (2009) detected MRSA across several California beaches at between 0% to 991 
12% of beach sand samples.  In a larger follow-up study, MRSA was detected in 10/366 (2.7%) 992 
of marine beach sand samples from California beaches (Goodwin et al. 2012). 993 
 994 
Vibrio spp.  995 
 996 
Vibrio bacteria have been reported from beach sand at numerous marine beaches around the 997 
world.  Vibrio-like bacteria were widespread in wet and dry sand at a marine beach on the Baltic 998 
Sea (Mudryk et al. 2013), with many isolates showing antibiotic resistance that was considered a 999 
possible public health threat.  Elmanama et al. (2005) detected Vibrio in 29/130 (22%) of sand 1000 
samples from the swash zone at marine beaches along the Israeli coast.  They found Vibrio more 1001 
common in beach sand than the adjacent beach waters.  Ghinsberg et al. (1999) detected Vibrio 1002 
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in 18/142 (13%) of wet sand samples from marine beaches in Israel in 1993-94.  V. alginolyticus 1003 
was most common (9%) followed by V. parahaemolyticus (2%) and V. vulnificus (1%).  1004 
Subsequent analyses of more Israeli beach sand samples found V. vulnificus in 18/624 (3%) sand 1005 
samples.  In both sand surveys, V. vulnificus was more common in beach water than beach sand. 1006 
V. vulnificus isolates were resistant to polymixin B and colistin.  Pianetti et al. (2004) detected 1007 
Vibrio in 23/39 (59%) submerged sand samples from two marine beaches in Italy.  These Vibrio 1008 
positive samples were comprised of strains of V. alginolyticus (87%) and V. parahaemolyticus 1009 
(52%).  Vibrio vulnificus was also detected from beach sand at a subtropical marine beach in 1010 
Florida, U.S. (Abdelzaher et al. 2010).  Shah et al. (2011) found V. vulnificus was ubiquitous in 1011 
wet sand, dry sand and inundated sand samples from a beach in southern Florida. Vibrio 1012 
parahaemolyticus was found in wet and dry sand from two of three marine beaches in Brazil 1013 
(Vieira et al. 2001), although it was only detected in 5/60 (12%) of sand samples analyzed.  V. 1014 
parahaemolyticus and V. harvey were reported in African sands by Aldova (1989). 1015 
 1016 
 1017 
Protozoan Pathogens 1018 
 1019 
Cryptosporidium spp. was detected in one dry beach sand sample (12 oocysts/100g dry sand) and 1020 
one wet beach sand sample (6 oocysts/100g wet sand) at a subtropical marine beach in Florida, 1021 
U.S. (Abdelzaher et al. 2010).  A single wet sand sample (out of 36 wet, dry and inundated sand 1022 
samples) was positive for Cryptosporidium (0.63 oocysts/g sand) at a subtropical marine beach 1023 
in Florida, USA (Shah et al. 2011).  While Abdelzaher et al. (2010) and Shah et al. (2011) 1024 
detected Cryptosporidium in beach sand samples, Giardia spp. was not detected.  Sato et al. 1025 
(2005) detected several Giardia lamblia cysts in dry sand from a Brazilian beach.  Sanchez et al. 1026 
(1986) did not detect any protozoan cysts in marine sand samples from Brazil. 1027 
 1028 
Cryptosporidium and Giardia have been detected from interstitial pore water in foreshore beach 1029 
sand at Bayfront Park Beach in Hamilton Harbour (Lake Ontario, Canada) (Edge and Neumann, 1030 
unpublished data).  This beach is impacted by bird fecal droppings (Edge and Hill 2007), and 1031 
preliminary genotyping results indicated that oocysts were the baileyi genotype typically 1032 
associated with birds and not likely to be infectious for humans. 1033 
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 1034 
Fungal Pathogens 1035 
 1036 
Inhaled fungal spores are a well-known cause of allergies and asthma, including seasonal asthma 1037 
resulting in episodic events in late summer and autumn. In some places the rate and severity of 1038 
asthma in the population have been linked to airborne levels of the mold spores Alternaria and 1039 
Cladosporium, with severe episodes requiring hospitalization.  These molds can be linked to 1040 
serious disease in those who are immuno-depressed or who have hyper-reactive immune 1041 
systems. Inhaled conidia will in some cases express itself in the violence of acute respiratory 1042 
infections even to immune-competent hosts, such as in the cases of Histoplasma, Coccidiodes, 1043 
Paracoccidioides and Cladophialophora. 1044 
 1045 
Studies have detected a range of fungi in beach sands from around the world.  Kishimoto and 1046 
Baker (1969) commonly found dermatophytes in Hawaiian beach sands, and Dabrowa et al. 1047 
(1964) reported pathogenic fungi species from the California coast. A variety of yeasts were 1048 
detected in beach sand in Guadeloupe (Boiron et al. 1983). Bernard et al. (1988) isolated 1049 
potentially pathogenic keratinophylic fungi and Candida albicans from beach sand in the south 1050 
of France.  Sousa (1990) detected dermatophytes in 42% of Portuguese sand samples, with 1051 
Trichophyton mentagrophytes, T. rubrum, and Microsporum nanum most common. 1052 
  1053 
A number of studies have been conducted at Brazilian beaches.  Sanchez et al. (1986) isolated C. 1054 
albicans from 32 of 171 (19%) sand samples from marine beaches in Sao Paulo, Brazil, and 1055 
found its occurrence was more correlated with total coliforms in sand than other FIB.  Vieira et 1056 
al. (2001) detected yeasts in the wet and dry sand at each of three marine beaches investigated in 1057 
Brazil.  Yeasts were detected from 26 to 41% of sand samples at these three beaches, with C. 1058 
albicans detected most frequently.  Higher numbers were isolated from dry sands.  Sato et al. 1059 
(2005) detected C. albicans in about 18% of wet and dry sand samples from marine beaches in 1060 
Sao Paulo, Brazil, at a maximum concentration of 34 000 CFU/g in dry sand .  1061 
 1062 
Around the Mediterranean, Ghinsberg et al. (1994) found fungi and C. albicans in higher 1063 
numbers in beach sand than beach water along the Israeli coast.  Papadakis et al. (1997) detected 1064 
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yeasts (e.g. Candida species) and molds (e.g. Aspergillus species) in wet beach sand at two 1065 
marine beaches in Greece.  Yeasts, likely of human origin, were present in the sand than in the 1066 
adjacent water during the summer.  The number of yeasts of human origin in beach sand was 1067 
correlated with the numbers of swimmers at the more popular beach.  Elmanama et al. (2005) 1068 
detected yeasts in almost all 130 sand samples analyzed from the swash zone at marine beaches 1069 
along the Gaza Strip.  They found yeast concentrations as high as 2300 CFU/100 g sand.  1070 
Abdallaoui et al. (2007) identified 70 fungi species in marine beach sand from Morocco 1071 
including C. albicans, Aspergillus sp., and Penicillium sp. Abdallaoui et al. (2007) suggested that 1072 
the keratinophilic fungi detected could favor the incidence of dermatomycoses among 1073 
beachgoers, although no epidemiological study has yet been done in order to confirm this.  1074 
Larrondo and Calvo (1989) surveyed beach sand at 42 beaches in Spain and most commonly 1075 
detected Penicillium, Cladosporium, Aspergillus, Acremonium, Altenaria, and Fusarium.  Fungal 1076 
density was found as high as several hundred thousand CFU/g sand.  A variety of fungi have also 1077 
been isolated from Spanish beach sands including particularly, Penicillium, Aspergillus, and 1078 
Cladosporium (Izquierdo et al. 1986; Roses Codinachs et al. 1988).  Mendes et al. (1997) found 1079 
the predominant fungi in beach sand at beaches on the Azores Island were potentially pathogenic 1080 
fungi (maximum about 60 CFU/g sand) and the allergenic and/or environmental saprophytic 1081 
fungi (maximum about 70 CFU/g sand).  Keratinolytic fungi (levels < 10 CFU/g sand) and 1082 
Candida species (maximum about 10 CFU/g sand) were not common. 1083 
 1084 
In the United States, a variety of potentially pathogenic yeasts were isolated from beach sand at a 1085 
subtropical marine beach in Florida (Shah et al. 2011).  These colonies were identified as 1086 
Candida guilliermondi, C. tropicalis, C. albicans, C. parapsilosis, and C. glabrata.  Yeast cell 1087 
counts were generally more elevated in beach sand than adjacent beach water, and Shah et al. 1088 
(2011) indicated that some FIB may be useful for predicting the occurrence of pathogenic yeasts 1089 
in subtropical beach sand. Vogel et al. (2007) found yeast concentrations at Florida beaches were 1090 
highest in dry beach sand, reaching an average of 37, 720 CFU/100 g dry sand at the busiest 1091 
bathing beach. DNA sequencing identified 21 yeast species from the beach sand samples, the 1092 
most common being Candida tropicalis and Rhodotorula mucilaginosa.  Mean fungal 1093 
concentrations in dry beach sand at South Carolina (USA) marine beaches varied between 109 1094 
CFU/g dry sand at low human use beaches and 472 CFU/g dry sand at high use commercial 1095 
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beaches (Stevens et al. 2012).  The fungi were grown at 37°C and were considered potential 1096 
pathogens, particularly for immune compromised individuals.  Two opportunistic human 1097 
pathogens, Rhodotorula mucilaginosa and Pichia/Candida guilliermondi, were confirmed by 1098 
sequencing PCR products. 1099 
 1100 
Much work has been conducted to investigate the occurrence of fungi in beach sand in Portugal. 1101 
An extensive study of 33 marine beaches in Portugal detected fungi (Aspergillus fumigatus, A. 1102 
niger, Chrysosporium sp., Fusarium sp., Scytalidium sp., Scedosporium sp., and Scopulariopsis 1103 
sp.) in 60.4% of 495 dry sand samples (Sabino et al. 2011a).  Yeasts were detected in 25.4% of 1104 
sand samples, of which 67.5% were Candida sp. (mean 5.8 CFU/g).  Potentially pathogenic 1105 
fungi were found in 47.9% of the sand samples with a predominance of the genus Aspergillus 1106 
(mean 0.87 CFU/g).  Dermatophytes were detected in 14.3% of samples with a predominance of 1107 
the genus Trichophyton (mean 1.5 CFU/g).  A positive correlation was found between yeasts and 1108 
total coliforms in beach sand; however, no other correlations were found with FIB.   1109 
 1110 
Brandão et al. (2002) found increased amounts of some filamentous fungi and yeasts during the 1111 
bathing season, associated with human activity. Many of the swimmers may be asymptomatic, 1112 
causing contamination of bathing waters and sands. Tidal cycles and runoff during periods of 1113 
rain can be natural sources of contamination and means of transport. In one study (Sabino et al. 1114 
2011b), yeasts of environmental origin revealed increased virulence when compared with clinical 1115 
strains.  Anderson (1979) found human pathogenic fungi could survive in beach sand 1116 
microcosms sufficiently to be potential sources of infection at public beaches in Hawaii. This in 1117 
vitro study showed that Trichosporon cutaneum, Candida albicans, Microsporum gypseum and 1118 
Trichophyton mentagrophytes could survive at least one month in nonsterile sand.  Another 1119 
similar study found five species of dermatophytes (Epidermophyton floccosum, Microsporum 1120 
canis, M. gypseum, Trichophyton mentagrophytes and T. rubrum) and Scopulariopsis brevicaulis 1121 
survived from 25 to 360 days (Carrillo-Muñoz et al. 1990). This study showed that the survival 1122 
of fungi in the sands can be longer than enteric bacteria due to their ability to form resistant 1123 
spores. 1124 
 1125 
Viral pathogens 1126 
 37 
 
 1127 
There have been few studies of the occurrence of enteric viruses in beach sand.  Nestor et al. 1128 
(1984) detected low numbers of enterovirus in sand at marine beaches on the Romanian Black 1129 
Sea.  Pianetti et al. (2004) detected enteric viruses in 9/39 (23%) submerged sand samples from 1130 
two marine beaches in Italy.  The enteric virus positive samples were comprised of reovirus 1131 
(67%) and enterovirus (59%).  The enteroviruses were further identified to coxackievirus B4, 1132 
coxackievirus B3, and poliovirus types 1 and 3.  Shah et al. (2011) detected enterovirus in beach 1133 
sand at a subtropical marine beach in Florida, U.S.; however, enterovirus was only detected in 1134 
one dry sand sample (1.4/100 g sand; n=12), and one inundated sand sample (0.2/100g sand) at 1135 
this beach.  Goodwin et al. (2009) did not detect adenovirus in several dry Florida beach sand 1136 
samples.  1137 
 1138 
Health Risks from Beach Sand Microbes 1139 
 1140 
Although disease outbreaks have been associated with accidental ingestion of sand from 1141 
recreational sandboxes (Doorduyn et al. 2006; Staff et al. 2012), outbreaks attributed specifically 1142 
to exposure to beach sand have not been reported.  A growing number of studies are detecting 1143 
pathogens in beach sands from around the world, however, and it will be important to understand 1144 
the comparative prevalence of different pathogens in beach sand and their associated health risks.  1145 
A challenge in comparing pathogen prevalence in beach sand is that pathogen occurrence is 1146 
likely associated with the local proximity of contamination sources (e.g. bathers or fecal 1147 
pollution) as well as different environmental persistence, transport, and ecological characteristics 1148 
of pathogens.  Different detection methods will also bias comparisons of pathogen occurrence in 1149 
beach sand between different studies. 1150 
 1151 
Some studies have investigated pathogen occurrence in beach sand and concluded there was little 1152 
associated health risk.  For example, Chabasse et al. (1986) conducted a bacteriological, 1153 
parasitological, and mycological investigation of beach sand on a lake in France and concluded 1154 
that beach sands did not show any infectious hazards.  Conversely, other studies have detected 1155 
pathogens in beach sand and suggested they pose a health risk (Elmanama et al. 2005; Sanchez et 1156 
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al. 1986; Shah et al. 2011; Stevens et al. 2012; Yamahara et al. 2012).  Concerns with exposure 1157 
to fungi in beach sand are also being raised.  1158 
 1159 
In order to understand the significance of pathogen occurrence in beach sand, it is important to 1160 
understand potential for exposure and to conduct risk assessments and epidemiological studies.  1161 
A study by Whitman et al. (2009) investigated the potential for exposure to pathogens in sand by 1162 
analyzing the transferability of bacterial and viral indicator organisms from beach sand to human 1163 
hands and their rate of removal through rinsing.  E. coli and MS2 coliphage were readily 1164 
transferred from beach sand to hands but could be removed adequately with hand rinsing.   1165 
 1166 
An additional approach for estimating health risks in recreational beach settings is quantitative 1167 
microbial risk assessment (QMRA) (Ashbolt et al. 2010).  Shibata and Solo-Gabriele (2012) 1168 
applied QMRA to estimate health risks from exposure to sand at a beach in South Florida.  1169 
Applying the acceptable level of risk of gastrointestinal illness in U.S. marine recreational waters 1170 
(19 cases per 1000 swimmers) to beach sand, they calculated there would be acceptable risks 1171 
associated with < 10 Cryptosporidium oocysts/g sand, < 5 enterovirus MPN/g sand, and < 106 1172 
Staphylococcus aureus CFU/g sand.  Pathogen concentrations measured in the sand at this beach 1173 
were orders of magnitude below these calculated reference levels, suggesting health risks from 1174 
sand exposure were relatively low. 1175 
 1176 
Most epidemiological studies at recreational beaches have focused on measuring the human 1177 
health risks associated with exposure to beach water rather than beach sand, even though people 1178 
often have more contact with sand than bathing water.  Early studies did not find consistent 1179 
associations between illness and fecal contamination in beach sand or sand contact activities 1180 
(Marino et al. 1995; Seyfried et al. 1985).  For example, Marino et al. (1995) did not find a 1181 
significant relationship between the densities of dermatophytic fungi and Candida albicans in 1182 
beach sand and incidence of dermatitis in beachgoers at two marine beaches in Spain. 1183 
 1184 
Preliminary investigations at Florida beaches provided some indication of potential for health 1185 
risks associated with contact with beach sands.  Bonilla et al. (2007) conducted a pilot 1186 
epidemiology study associated with their microbiological study of beach sand.  Bonilla et al. 1187 
 39 
 
(2007) reported that beach user time spent in contact with wet sand (midway between water level 1188 
and high tide line) and time spent in the water at a Florida marine beach were associated with 1189 
increased risk of gastrointestinal illness.  Beach user time spent in contact with dry sand (5m 1190 
above high tide line) was not associated with increased illness at this beach.  Esiobu et al. (2013) 1191 
detected S. aureus in beach sand at three Florida marine beaches.  A brief epidemiology survey 1192 
conducted in this study found a slight association between beach use and skin infections, 1193 
although S. aureus in beach sand was not considered to constitute a major health risk 1194 
 1195 
In a study by Heaney (2009), over 26,600 beachgoers were interviewed at seven beaches across 1196 
the United States; the resulting report provided one of the first comprehensive epidemiological 1197 
investigations of the risk of illness associated with specific sand contact activities.  Digging in 1198 
the sand was associated with a modest, but significant, increased risk of gastrointestinal illness 1199 
and diarrhea.  Being buried in the sand was more strongly associated with risk of gastrointestinal 1200 
illness and diarrhea than digging in the sand.  Children under 10 years old were most associated 1201 
with an increased risk of diarrhea from digging in beach sand.  There was no increased risk of 1202 
nonenteric illnesses associated with sand activities, although dermatological alterations were not 1203 
considered in this study.  Risk of enteric illness associated with beach sand contact varied 1204 
between different beaches.  Heaney et al. (2012) investigated two of the seven U.S. beaches in 1205 
more detail and found that increased concentrations of enterococci (measured by both culture 1206 
and qPCR methods) in wet sand were associated with increased risk of gastrointestinal and 1207 
diarrhea illness from digging in sand and being buried in sand.  However, the authors noted that 1208 
because most of those individuals who dug or were buried in the sand also swam, it was difficult 1209 
to estimate the independent effects of sand and water exposure. 1210 
 1211 
Implications for Beachgoers, Beach Managers, and Beach Policy Makers 1212 
 1213 
Beachgoers.  Many beachgoers spend a significant portion of their time on the beach itself rather 1214 
than in the water, particularly in temperate areas around the world.  Recreational activities at the 1215 
beach can involve a variety of opportunities for exposure to sand from simply sitting/lying and 1216 
strolling to playing in interstitial pore water, building sand castles, throwing sand, and being 1217 
buried in beach sand.  Heaney et al. (2009) collected data from over 26,600 beachgoer interviews 1218 
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as part of an epidemiology investigation at seven beaches across the United States. They 1219 
indicated that 10,776 beachgoers (40%) reported digging in sand while at the beach and 2,474 1220 
(9%) reported being buried in sand.  A higher proportion of individuals reported getting sand in 1221 
their mouth from being buried in sand compared to those only digging in the sand.  It was more 1222 
common for children less than 10 years old to dig in the sand or be buried in the sand. 1223 
 1224 
It is possible that exposure to beach sand may present more significant health risks for some 1225 
beachgoers.  Children can play in the sand more frequently and actively, display more hand-to-1226 
mouth activity, and have less developed immune systems for responding to pathogen exposure.  1227 
Heaney et al. (2009; 2012) found evidence for increased risk of diarrhea and gastrointestinal 1228 
illness among children exposed to beach sand than adults.  In many countries, it is possible that 1229 
aging populations will result in an increasing number of elderly and immune-compromised 1230 
individuals exposed to beach sand in the future.  These individuals, along with children, may be 1231 
more at risk of infection from opportunistic pathogens.  Shibata and Solo-Gabriele (2012) 1232 
calculated separate risk estimates for exposure to beach sand for children with an eating disorder 1233 
called pica characterized by cravings to eat nonfood items. 1234 
 1235 
It is important for beachgoers to consider simple good hygiene practices when having contact 1236 
with sand at a beach.  Whitman et al. (2009) demonstrated that hand rinsing after contact with 1237 
beach sand can be an effective means of reducing indicator microorganism densities on human 1238 
hands.  They suggested simply rinsing hands before eating or leaving the beach might reduce the 1239 
incidence of disease.  Beachgoers can also reduce health risks to others by ensuring they do not 1240 
contribute to pathogen loading into beach sand themselves. The shedding of pathogens by 1241 
beachgoers is considered an under-recognized source of health risks in recreational settings 1242 
(Ashbolt et al. 2010).  Fecal excreta from pets can contaminate beach sand. Beachgoers can also 1243 
refrain from leaving litter on beach sand or feeding animals near the beach. 1244 
 1245 
Beach Managers.  It is recognized that beach sand can serve as an important habitat and 1246 
reservoir for FIB.  The activity of bathers can resuspend submerged sand, and wave action can 1247 
readily erode and transport foreshore beach sand into adjacent beach waters.  These physical 1248 
processes can lead to transfer of significant loads of FIB into adjacent beach water under certain 1249 
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conditions.  Beach managers may need a better understanding of the extent of the reservoir of 1250 
FIB in beach sands at their beaches in order to understand the occurrence of FIB in beach water 1251 
samples collected as part of regular beach water quality monitoring programs.  It is possible that 1252 
at some beaches, a considerable load of FIB may be coming from beach sand and may not 1253 
represent recent sources of fecal pollution.  In these cases, the association between levels of FIB 1254 
in beach water and health risks may not be as strong as when FIB in water are the result of direct 1255 
fecal contamination events.  It may be possible to apply remediation techniques (e.g. grooming, 1256 
chlorine, iodine or UV treatment) to reduce FIB levels in beach sand and reduce the numbers of 1257 
beach postings, although these techniques have had variable effects to date and need more study.    1258 
 1259 
In some cases, beach managers may need to understand the implications of FIB and pathogens in 1260 
beach sand to guide day-to-day decisions to reduce health risks at beaches, both for users and for 1261 
workers.  For example, while beach postings and closures can prevent beachgoers from entering 1262 
the water, they may also result in increased time spent in contact with beach sand during a beach 1263 
visit.  In other cases, beach managers may need to understand these implications for guiding how 1264 
to respond to specific pollution contamination events such as sewage spills on beach sand.  At 1265 
present there is little specific guidance for beach managers for controlling access to beach sand 1266 
or on grooming or remediation approaches for contaminated beach sand.  1267 
 1268 
Regular beach grooming activities can be an important management strategy for removing 1269 
animal fecal droppings and litter on beach sand. Sand grooming techniques (Kinzelman et al. 1270 
2004; Kinzelman et al. 2003) beach slope alterations (Kinzelman and McLellan 2009) and gull 1271 
control methods (Converse et al. 2012) have helped reduce FIB at Lake Michigan beaches.  Such 1272 
management actions may also reduce pathogen occurrence in beach sand and associated health 1273 
risks due to beach sand exposure.  Bolton et al. (1999) found it surprising that Campylobacter 1274 
could be detected in as much as 50% of dry sand samples from a beach in England, despite other 1275 
claims that this pathogen is sensitive to environmental conditions such as low moisture.  1276 
Mohammad et al. (2012) found that optimal survival of Staphylococcus aureus and 1277 
Pseudomonas aeruginosa occurred via attachment to intermediate-sized sand particles (850 µm 1278 
to 2 mm) at a Florida marine beach. They suggested this size range of sand particles could be 1279 
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preferable for formation of micro-niches and should be considered in beach management 1280 
decisions related to sand replacement, beach nourishment or beach classification schemes. 1281 
 1282 
A large spill of raw sewage occurred onto the beach sand of Manhattan Beach, California, in 1283 
2006.  Beach mangers decided to confine the spill to the beach rather than let the sewage run off 1284 
and contaminate nearshore waters.  The event identified the lack of guidance for deciding how to 1285 
control such sewage spills and manage beach sand remediation.  It also identified the lack of 1286 
clean beach sand standards for determining when the public could be allowed access to the beach 1287 
sand.  While it also spurred research to investigate beach disinfection and grooming techniques 1288 
(Mika et al. 2009), inconsistencies were found in the effectiveness of grooming techniques like 1289 
sand raking. 1290 
 1291 
Beach Policy Makers.  A number of studies have indicated the need to investigate standards for 1292 
assessing the microbiological quality of sand on bathing beaches (Bolton et al. 1999; Mendes et 1293 
al. 1993; Sabino et al. 2011a; Shibata and Solo-Gabriele 2012; Whitman et al. 2009). Bolton et 1294 
al. (1999) indicated that assessment of water quality alone may not be a sufficient basis for 1295 
determining public health risks from bathing beaches.  Some preliminary efforts have been made 1296 
to propose microbiological standards for sand.  Mendes et al (1993) proposed standards for total 1297 
coliforms (10,000 CFU/g), fecal coliforms (1000 CFU/g), fecal streptococci (100 CFU or 1298 
MPN/g), and Candida spp. (10 CFU/g).  Sabino et al. (2011a) proposed revised standards for 1299 
potentially pathogenic fungi (17 CFU/g), yeasts (15 CFU/g), and dermatophytes (8 CFU/g) 1300 
comparing with earlier work reported by the same group (Brandão et al. 2002).  Such standards 1301 
however will probably have to be region specific because positive correlations between level of 1302 
contamination and region were temperature-dependent in Portugal (Sabino et al. 2011a) – the 1303 
colder the climate, the longer microorganisms will survive. 1304 
 1305 
However, a number of challenges exist for developing microbiological standards for sand 1306 
quality.  One challenge may be the lack of clear authority in some agencies to develop such 1307 
standards.  For example in the United States, the Clean Water Act covers discharges to surface 1308 
waters but not necessarily secondary contamination from beach sand.  As a result, standards 1309 
might need to come from individual states or other regulatory agencies.  In addition, standard 1310 
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methods and protocols for collecting sand samples and measuring indicator bacteria or pathogens 1311 
in beach sand have not been developed to date.  A further challenge is that much less is known 1312 
about the role of indicator bacteria in evaluating the quality of beach sand compared to the 1313 
quality of beach water.  Importantly, most indicator bacteria like enterococci and E. coli are 1314 
associated with fecal pollution and may not be relevant for predicting occurrence of non-fecal 1315 
pathogens or non-fecal health risks associated with sand. 1316 
 1317 
To date, traditional FIB have proven inconsistent in their ability to predict the occurrence of 1318 
pathogens and health risks associated with beach sand.  Sabino et al. (2011a) investigated 1319 
occurrence of fungi in beach sand across 33 beaches in Portugal.  While they found a positive 1320 
correlation between yeasts and total coliforms in beach sand, no other correlations were found 1321 
with FIB.  Similarly, there was no discernible relationship between the numbers of 1322 
Campylobacter and FIB in the sediments of three marine beaches in England (Obiri-Danso and 1323 
Jones 2000).  Yamahara et al. (2012) also found FIB were not consistently associated with 1324 
pathogens in dry beach sand from 53 California marine beaches.  Sands with higher moisture 1325 
tended to have higher concentrations or more frequent occurrence of pathogens.  While there was 1326 
some evidence of a correlation between Salmonella and E. coli and between Staphylococcus 1327 
aureus and a human-specific Bacteroidales DNA marker, Campylobacter showed no significant 1328 
relationship with any FIB in the California sands. 1329 
 1330 
Shah et al. (2011) found that FIB did not correlate consistently with pathogens in subtropical 1331 
Florida marine beach sand. However, yeasts were significantly correlated with fecal coliforms in 1332 
beach sand, and red yeasts in particular, were significantly correlated with enterococci.  Shah et 1333 
al. (2011) concluded that indicator microorganisms could predict the presence of some pathogens 1334 
in subtropical Florida sand and suggested they may be useful for monitoring beach sand quality 1335 
at non-point source beaches.  Goodwin et al. (2012) found that Staphylococcus aureus 1336 
concentrations in California beach sand were positively correlated with water temperature and S. 1337 
aureus and enterococci concentrations in adjacent seawater and inversely correlated to wind 1338 
strength.  They indicated this was evidence in support of beach sand being a source of pathogens 1339 
in adjacent surface water. 1340 
 1341 
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Heaney et al. (2012) investigated two U.S. marine beaches and found that increased 1342 
concentrations of enterococci (measured by both culture and qPCR methods) in wet sand were 1343 
associated with increased risk of gastrointestinal and diarrhea illness from digging in sand and 1344 
being buried in sand.  However, a culture-based method for enumerating F+ coliphage and qPCR 1345 
methods for enumerating fecal Bacteroides and Clostridium in sand were inconsistent in 1346 
identifying an association with increased health risks at these two marine beaches.  1347 
 1348 
To date, the extent of potential health risks from beach sand has been considered inconclusive, 1349 
and evidence of the need for sand standards has been considered insufficient (Health Canada 1350 
2012; World Health Organization 2003).  Halliday and Gast (2011) suggested further research 1351 
into the introduction, distribution, and persistence of FIB and pathogens in beach sand, and the 1352 
public health implications of these findings, is needed before incorporating beach sands into a 1353 
beach monitoring framework.  At present, guidance is provided for safe hygiene practices and 1354 
beach management strategies such as grooming and litter removal until health risks associated 1355 
with sand exposure are better understood (Health Canada 2012; World Health Organization 1356 
2003). 1357 
 1358 
SUMMARY AND CONCLUSIONS  1359 
 1360 
Pure sand alone provides neither the nutrients nor metabolic requirements to support replicating 1361 
microbial populations, as sand grains are generally formed from materials such as silica and 1362 
calcium carbonate.  Sand does provide extensive surface area for adsorption of nutrients, 1363 
microbial attachment, and a matrix that traps organic matter and water. The ecological niches of 1364 
microbes are constrained at the level of microenvironments, where pore spaces and sand grain 1365 
surfaces may provide opportunity for enhanced survival, replication and viable populations, 1366 
resulting in microbial communities in sand environments. Presumably, advantageous 1367 
characteristics for sand-dwelling microbes in what many may perceive as a biologically-1368 
challenging habitat include rapid colonization through replication and/or accumulation, tolerance 1369 
to harsh and ever-changing conditions, formation of biofilms, and wide tolerance to variable pore 1370 
water conditions.  Apart from episodic disturbances by wind and water, wetted sands of beaches 1371 
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afford a highly suitable environment for microbes, particularly just above the tide and swash 1372 
zones.    1373 
 1374 
Summary. Through our review we have demonstrated that beach sands harbor dense and diverse 1375 
assemblages of microorganisms.  Microbiological communities in the sand, i.e. the 1376 
micropsammon, are being revealed through an accumulating literature focused on measures of 1377 
specific bacteria coupled with more recent advances in microbial community analysis.  The 1378 
transport, source and fate of organisms highlight the complexity of microbial population 1379 
‘budgets,’ both within the beach and adjacent water.  Replication, resuscitation, persistence, 1380 
offshore importation, animal deposition, passive and active movement along the shore, 1381 
infiltration and exfiltration interacting with differential environmental factors help account for 1382 
the variation in the characterization of this community in the literature (Figure 3).  All of these 1383 
processes impact the distribution of microbes in the sand environment and can have public health 1384 
implications through direct exposure of human populations to sand and through indirect exposure 1385 
to water containing microbes derived from sand. 1386 
 1387 
With respect to habitat, beach sands offer a unique environment for incidental and naturalized 1388 
microbes.  Pore water is an excellent medium for prokaryotes.  Sand surfaces themselves not 1389 
only offer a large surface area for biofilm development but also microbial micro-habitats that 1390 
provide cover from predators and micro-niches that enhance diversity.  Microbial diversity is 1391 
likely favored by the varied vertical and horizontal zonation.  Oxygen varies from near zero 1392 
below the water table to saturation within the fringe layer. Waves, capillary displacement and 1393 
groundwater flow supplies the zone with new water and nutrients while removing metabolic 1394 
wastes.  At the larger scale, tides shift shorelines continuously, presenting microbes in the swash 1395 
zone with unique challenges such as abrasion, exposure to light and continual habitat instability.  1396 
Thus, a dynamic swash zone has fewer microbes but the band a few meters inland where wrack, 1397 
debris and berm accumulates often has maximal concentrations that then again diminishes 1398 
landward as the influence of  surface and groundwater diminishes. Backshore sands, while more 1399 
stable, are also often cooler at depth in respect to more surficial exposed foreshore sands and 1400 
further removed from surface water organic input, surface- groundwater interchange and 1401 
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recruitment of new microbes.   All of these factors influence the distribution of microbes within 1402 
the beach environment. 1403 
 1404 
Sources of microbes to the micropsammon are rarely singular or simple.  For instance, existing 1405 
background populations—regardless if they are persistent, resident, adapted—can also be 1406 
supplemented by sewage, human and animal shedding, replication, resuscitation, and latent 1407 
importation from pre-existing on and offshore reservoirs.  While the literature supports long time 1408 
survival of FIB, more studies are needed to understand potential sinks and other sources (e.g. 1409 
storm water culverts, algae, deposition zones, riparian runoff).  A growing body of evidence is 1410 
indicating the importance of bird fecal droppings as a potential source of FIB and pathogens in 1411 
beach sand, particularly around the Great Lakes.  1412 
 1413 
Persistence and Replication.   The micropsammonic community must be able to persist and 1414 
replicate in the harsh ecosystem, characterized by the dynamic setting at the sand-water 1415 
interface.  A convincing body of evidence indicates that many allochthonous microbes form self-1416 
sustaining populations in sand.  Evidence for this process is found in both the traditional 1417 
ecological literature as well as through more recent advances.  Studies near isothermic and 1418 
chemically stable artesian springs have shown the gradient of sediment from gravel through 1419 
sorted sand to fines and detritus and discovered microbial zonation (Byappanahalli et al. 2003a; 1420 
Whitman et al. 2006).  Because these organisms have adapted recently to long ago to the 1421 
environment, it follows that other opportunistic enteric microbes might exploit or adapt to this 1422 
habitat.  Additional evidence is provided by genomic studies that show multiplication and 1423 
persistence in the environment (Badgley et al. 2010; Byappanahalli et al. 2006a; Byappanahalli 1424 
et al. 2012c; Ishii et al. 2006; Whitman et al. 2005) and homeostatic populations whose carrying 1425 
capacity is limited by carbon, competition, or predation (Byappanahalli and Fujioka 2004; Feng 1426 
et al. 2010; Hartke et al. 2002; McCambridge and McMeekin 1980; Whitman et al. 2005).  1427 
Studies have shown that FIB survival and replication is not limited to sand or soils but is also 1428 
observed in other environments including animal enclosures, bog pitcher plant fluids, 1429 
bromeliads, pulp mills, detritus, and aquatic plant material.  These microbes have been termed 1430 
naturalized, resident, endogenous, endemic, environmental, ambient, autochthonous, non-enteric, 1431 
non-fecal, opportunistic, incidental, persistent, psammonic, or phreatic largely depending on the 1432 
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presumed life history, phylogeny, sources, habitat, and emphasis of the author.  This diverse 1433 
terminology needs consolidation, or at least clarification.  We propose here the term 1434 
allochthonous microbes to represent opportunistic introductions generally from other natural or 1435 
cultural sources.  These microbes may then become naturalized if they adapt and establish 1436 
replicating populations ultimately becoming part of the autochthonous micropsammonic 1437 
community.  We recommend the use of these terms until such time that research better reveals 1438 
the natural history of these organisms.   1439 
 1440 
Physical and Biological Transport. Levels of microbes within the micropsammon are also 1441 
governed by physical and biological transport. Transport of microbes into and through the sand 1442 
is critical to our understanding of the distribution, occurrence, and interchange of this 1443 
community.  Groundwater transport depends on the relative water elevations between the surface 1444 
water and groundwater table, which are influenced by hydraulic forces acting upon the beach 1445 
(waves, seiches, and tides).   Higher shoreline kinetics may favor sediment transport and a 1446 
stronger exchange of microbes between the water and sand.   Much is known about transport of 1447 
sediments along coastlines, and while these processes are largely driven by wind and currents 1448 
within the surf zone, more complex non-turbulent conditions may prevail at the upper fringes of 1449 
the foreshore where microorganisms persist.   Intensive studies in the very nearshore and swash 1450 
may help explain how microbe laden sands are resuspended, imported and exported from the 1451 
foreshore and submerged sediment.  The resuspension and transport of FIB from beach sand is 1452 
increasingly recognized as a cause of beach closures.  The beach sand/water interface can be a 1453 
dynamic habitat with fluxes of microbes from beach water into sand, or from sand into adjacent 1454 
beach water at times.  Further studies are needed of the prevalence and conditions leading to this 1455 
phenomenon, particularly as it can compromise the use of FIB as an indicator of health risks.  1456 
 1457 
In addition to physical processes, biological processes also influence the transport of microbes in 1458 
sand.  Bacteria living on sands secrete EPS which, in turn, may decrease hydraulic conductivity 1459 
resulting in changes in nutrient fluxes, promoting adsorption and survival of bacteria.  Biofilm 1460 
development may aid in the spread of microbes along hospitable media and may account for the 1461 
rapid recolonization witnessed in new beach nourishment, late spring/early summer blooms or 1462 
population density resiliency after storms.  Spatial dispersal by replication of microbes can be 1463 
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considered biological transport and it appears to be a more common phenomenon than formerly 1464 
supposed.  The replication of microbes has been encouraged to the point of developing 1465 
biobarriers which can be utilized for bioremediation.  1466 
 1467 
A wide variety of studies have documented the large numbers of FIB in beach sand.  FIB 1468 
numbers in beach sand can be orders of magnitude higher than in adjacent beach water.  At 1469 
present the public health implications of these high numbers of FIB are not well understood.  1470 
While there have been some preliminary proposals for sand quality standards (e.g. for fungi), 1471 
government agencies have yet to develop standards for beach sand quality.  A growing number 1472 
of studies are also reporting the occurrence of bacterial, protozoan, fungal, and viral pathogens in 1473 
beach sands around the world.  Foreshore beach sand has been identified as a reservoir for 1474 
pathogens as well as FIB.  However, tools such as QMRA or epidemiology studies have only 1475 
recently been applied to consider potential health risks associated with exposure to beach sand.  1476 
One of the first comprehensive epidemiological investigations of the risk of illness associated 1477 
with specific sand contact activities found that digging in the sand was associated with a modest, 1478 
but significant, increased risk of gastrointestinal illness and diarrhea (Heaney et al. 2009). Being 1479 
buried in the sand was more strongly associated with risk of gastrointestinal illness and diarrhea 1480 
than digging in the sand.  Children under 10 years old were most associated with an increased 1481 
risk of diarrhea from digging in beach sand.  Additional research is urgently needed to better 1482 
understand potential health risks associated with exposure to beach sand and whether standards 1483 
are required for sand quality in addition to existing ones widely used for beach water quality.  1484 
 1485 
The dynamics of the micropsammon call into question the implications with respect to public 1486 
health. The potential presence of pathogens in sand is of interest for beachgoers, public health 1487 
specialists, regulators, and beach managers.   If environmentally adapted populations of FIB 1488 
prevail, populations of human pathogens may well also exist.  The literature shows that the 1489 
highest density of FIB is in the cooler, moist sands of foreshore: a favorite location for infants 1490 
and children to play and for seniors to relax.  Unfortunately, these are also the age groups most 1491 
vulnerable to disease.  A better understanding of microbial community structure and the fate of 1492 
pathogens and indicators is needed to evaluate potential impacts of exposure and health risk.   1493 
Because there is a continual interchange of FIB between beach sand and adjacent surface water, 1494 
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findings should be extended and interpreted within the context of this transition zone.  Cleaning 1495 
nearby offshore fecal pollution sources (e.g. wastewater effluents) may deliver only limited or 1496 
short-term improvement unless onshore fecal pollution sources (e.g. bird fecal droppings) and 1497 
the sand micropsammon are also addressed.  Knowledge of the sources and coastal dynamics of 1498 
onshore and nearshore contaminants should be considered before beach design because 1499 
infrastructure and situation have a large impact in both sand and water quality.  Because sand not 1500 
only has higher densities of microbes and more persistence, long term control may be necessary 1501 
to achieve prolonged improvement.  We have not specifically discussed remediation alternatives, 1502 
but beach redesign, beach re-contouring, sand grooming, bird deterrence, and increasing water 1503 
flow within embayment are areas of needed study.   1504 
 1505 
Most impressive upon review of work on beach sand quality are the fundamental questions that 1506 
still need to be answered.  We know relatively little about the biology, ecology, and transport of 1507 
these microbes and most importantly, we do not know the health implications or how to manage 1508 
for it, if significant.  More work is needed to understand the physical, biotic, and ecological 1509 
interactions of the micropsammon in the context of controlling populations of microbes of 1510 
human health significance.  Research is needed to better characterize the role of microbial 1511 
communities in controlling the levels of indicators and pathogens within the micropsammon.  1512 
More studies are needed to evaluate the interplay of microbes between the sand and the water.  1513 
One possible scenario includes sand serving as the primary reservoir of microbes but the water 1514 
serving as the main exposure route.  Of interest would be to evaluate the significance of the 1515 
exchange of microbes between sand and water by conducting holistic epidemiologic studies that 1516 
evaluate both water and sand exposure routes within the context of the same study.  In summary, 1517 
the micropsammon is a vastly understudied ecosystem that merits additional attention due to its 1518 
influence on human health through direct exposure to sand or through indirect exposures through 1519 
water.  In order to understand the risks of microbes within the micropsammon, more work is 1520 
needed in understanding the microbial sources, fate, ecology, and transport processes that control 1521 
the  occurrence of pathogens within the beach environment. 1522 
 1523 
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Table 1. Examples of sources of FIB and pathogens to swimming water and sand. Note dw = dry weight and ww = wet weight.   2175 
  2176 
Source Microbe Observed Concentrations Citation 
Studies That Specifically Evaluated Sand  
Freshwater 
Cladophora 
Escherichia coli 
 
1.0 × 108 CFU/g dw of Cladophora 
 
(Whitman et al. 2003) 
 
Marine kelp Escherichia coli  
Enterococci 
~1 × 100 to 1 × 104 CFU/g dw of kelp 
~3.2 × 100 to 5.6 × 103 CFU/g dw of 
kelp 
(Imamura et al. 2011) 
 
Plankton Escherichia coli ~1.0 × 103 to 1.0 × 105 CFU/100g of 
sand mixed with plankton 
(Byappanahalli et al. 
2006b) 
Detritus Escherichia coli  
Enterococci 
3.2 × 102 to 1.8 × 103 MPN/100 ml of 
detritus mixed with water 
3.0 × 101 to 1.0 × 102 CFU/100 ml of 
detritus mixed with water 
(Haack et al. 2003) 
Gulls Escherichia coli 
 
Enterococci 
1.0 × 105 to 1.0 × 109 CFU/g ww of 
feces 
1.0 × 104 to 1.0 × 108 CFU/g ww of 
feces 
(Fogarty et al. 2003) 
 
Geese Escherichia coli 
Enterococci  
4.2 × 103 MPN/g ww of feces 
5.0 × 102 CFU/g ww of feces 
(Haack et al. 2003) 
 
Pigeons Fecal coliforms  
Escherichia coli 
Enterococci 
1.6 × 108 CFU/g of feces 
1.7 × 108 CFU/g of feces 
4 × 105 CFU/g of feces 
(Oshiro and Fujioka 1995) 
Dogs Enterococci 3.9 × 107 CFU/g dw of feces (Wright et al. 2009) 
Beach sand  Fecal coliforms 
Total streptococci 
Fecal streptococci 
Clostridium perfringens 
Pseudomonas aeruginosa 
 
Escherichia coli 
3 × 102 to 2.4 × 104 CFU/g of sand 
4 × 100 to 1.1 × 107 CFU/g of sand 
4 × 100 to 1.1 × 106 CFU/g of sand 
1.4 × 101 to 1.1 × 107 CFU/g of sand 
8 × 100 to 2.4 × 107 CFU/g of sand 
 
1.1 × 104 CFU/ 100ml of elutriated 
(Mendes et al. 1993) 
 
 
 
 
 
(Whitman and Nevers 
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Enterococci 
 
 
Aeromonas 
 
 
 
Yeasts 
Fungi 
Dermatophytes 
sand 
~1 × 102 to 1 × 103 CFU/100g dw of 
sand 
<4 × 100 to 1.6 × 105 CFU/100g of 
sand 
 
9 × 100 to 7.2 × 103 CFU/ 100g dw of 
sand 
 
1.1 × 103 to 9.3 × 105 cell 
equivalents/100 ml of sand pore 
water 
8.7 × 100 CFU/g of sand 
4.5 × 100 CFU/g of sand 
1.7 × 100 CFU/g of sand 
2003) 
(Alm et al. 2003) 
 
(Oshiro and Fujioka 1995) 
 
 
(Yamahara et al. 2007) 
 
 
(Khan et al. 2009) 
 
 
 
(Sabino et al. 2011b) 
Riparian 
sands 
Escherichia coli 1.0 × 103 MPN/100 ml of elutriated 
sand 
(Byappanahalli et al. 
2003a) 
Littoral 
water 
Escherichia coli 126 CFU/100 ml of lake water (Ge et al. 2012a) 
Studies that Describe Additional FIB Sources that Can Impact Sand 
Lyngbya  Escherichia coli  
Enterococci  
Clostridium perfringens 
3.2 × 103 MPN/g dw of Lyngbya 
1.6 × 103 MPN/g dw of Lyngbya 
1.6 × 103 MPN/g dw of Lyngbya 
(Vijayavel et al. 2013) 
Hydrilla Enterococci 8.6 × 102 CFU/ 100 g ww of 
submerged aquatic vegetation 
(Badgley et al. 2010) 
Ducks Enterococci 1.5 × 104 to 7.9 × 106 CFU/g ww of 
feces 
(Anderson et al. 1997) 
Riparian 
soils 
Escherichia coli 
 
 
1.7 × 103 to 2.4 × 105 CFU/g dw of 
soil 
 
(Hardina and Fujioka 
1991) 
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Enterococci 
Clostridium perfringens 
 
Total Vibrio 
 
Fecal coliforms 
Fecal streptococci 
1 × 102 CFU/g dw of soil 
6 × 102 CFU/g dw of soil 
 
2.5 × 105 CFU/100 g ww of soil 
 
1.4 × 104 CFU/100g ww of soil 
9.5 × 104 CFU/100g ww of soil 
(Desmarais et al. 2002) 
 
 
(Cui et al. 2013) 
 
(Elmanama et al. 2005) 
 
Aerosols  Heterotrophic bacteria  
Hemolitic bacteria 
Staphylococci 
Escherichia coli  
Aeromonas hydrophila 
Pseudomonas 
 
Mesophilic bacteria 
Psychrophilic bacteria 
Microfungi 
3.8 × 105CFU/m3 of air 
4.8 × 105 CFU/m3 of air 
8.5 × 103 CFU/m3 of air 
1.4 × 103 CFU/m3 of air 
5.6 × 104 CFU/m3 of air 
1.3 × 105 CFU/m3 or air 
 
3.0 × 103 CFU/m3 of air 
3.2 × 103 CFU/m3 of air 
2.5 × 103 CFU/m3 of air 
(Filipkowska et al. 2000) 
 
 
 
 
 
 
(Grisoli et al. 2009) 
Storm water  Escherichia coli 
 
 
Enterococci 
1.0 × 105 MPN/CFU/100 ml of storm 
water 
 
1.0 × 103 to 1.0 × 105 MPN/100 ml of 
storm water 
(Marsalek and Rochfort 
2004) 
 
(Tiefenthaler et al. 2011)  
Bathers 
shedding  
Enterococci 
 
Staphylococcus aureus 
6.0 × 105 CFU/ person per 15 minute 
swim 
6.3 × 105 CFU/ person per 15 minute 
swim 
(Elmir et al. 2007) 
 
(Plano et al. 2011) 
Discharge 
from boats  
Fecal coliforms 
Escherichia coli  
Enterococci  
1.0 × 108 CFU/100 ml of graywater  
1.3 × 107 CFU/100 ml of graywater 
4.9 × 106 CFU/100 ml of graywater 
(US EPA 2008) 
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Table 2.  Studies identifying pathogenic taxa in beach sands around the world. 2180 
 2181 
Pathogen taxa 
 
Beach type Sand type Location Detection 
Percentage 
Reference 
Aeromonas spp. Freshwater lake Foreshore sand Hamilton harbour 
Lake Ontario, 
Ont. Canada 
100% 
(Khan et al. 2009)  
      
Campylobacter 
spp. 
 
Marine coast Dry sand California, USA 
13% 
(Yamahara et al. 2012) 
 Freshwater lake Foreshore 
interstitial sand 
pore water 
 
Hamilton harbour 
Lake Ontario, 
Ont., Canada 
 
(Khan et al. 2013) 
 Freshwater lake Foreshore sand 
 
Lake Simcoe, 
Ont. Canada 27% 
(Khan and Edge 2013) 
 Marine coast Foreshore and 
dry sand  
Northwest and 
southwest 
England, U.K. 
45% 
(Bolton et al. 1999) 
 Marine coast Wet sand Tel Aviv, Israel 45% (Ghinsberg et al. 1994) 
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 Marine bay sediment Northwest 
England, U.K. 
 
(Obiri-Danso and Jones 2000)  
      
Salmonella spp. Freshwater lake Foreshore sand, 
and sediment 
 
Chicago, Lake 
Michigan, IL, 
USA 
 
(Byappanahalli et al. 2009; 
Whitman et al. 2001) 
 Marine coast Foreshore and 
dry sand  
England, U.K. 
6% 
(Bolton et al. 1999) 
 Marine coast Wet and dry 
sand 
Fortaleza, Brazil 
3% 
(Vieira et al. 2001) 
 Marine coast Dry sand California 15% (Yamahara et al. 2012) 
 Marine coast Swash zone Gaza Strip 7% (Elmanama et al. 2005) 
 Marine coast Wet sand Kuwait  (Shatti and Abdullah 1999) 
      
Staphylococcus 
aureus 
Marine coast Wet sand Greece 
52% 
(Papadakis et al. 1997) 
 Marine coast Foreshore wet 
sand and dry 
sand 
Seattle, WA, 
USA 6% 
(Levin-Edens et al. 2011)  
 Freshwater lake Dry sand Seattle, WA, 
USA 
33% 
(Levin-Edens et al. 2011) 
 Marine coast Foreshore wet Seattle, WA,  (Soge et al. 2009) 
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sand USA 
 Marine coast Foreshore sand Southern 
California, USA 
53% 
(Goodwin et al. 2012) 
 Marine coast Dry sand California 14% (Yamahara et al. 2012) 
 Marine coast Dry sand South Florida, 
USA 
 
(Esiobu et al. 2013) 
 Marine coast Wet and dry 
sand 
South Florida, 
USA 
 
(Esiobu et al. 2004) 
 Marine coast Wet and dry 
sand 
South Florida, 
USA 
50% 
(Shah et al. 2011) 
 Lake  Egypt 
 
(Dowidart and Abdel-Monem 
1990) 
 Marine coast  Chile  (Prado et al. 1994) 
 Marine coast  Italy  (Bonadonna et al. 1993) 
 Marine coast Wet sand Tel Aviv, Israel  (Ghinsberg et al. 1994) 
      
Escherichia coli 
pathotypes 
Freshwater lake Swash zone 
sand 
Lake Huron and 
Lake St. Clair, 
Michigan, USA 
2% 
(Bauer and Alm 2012) 
 Freshwater lake Wet interstitial 
sand 
Lake Huron, Ont. 
Canada 
0% 
(Kon et al. 2007) 
 Freshwater lake Wet and dry Lake Superior,  (Ishii et al. 2007) 
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sand and 
sediment 
Minnesta, USA 
(Shigella) Marine coast  Bay of Gdansk, 
Poland 
 
(Dabrowski 1982) 
      
Pseudomonas 
aeruginosa 
Marine coast Wet and dry 
sand 
South Florida, 
USA 
 
(Esiobu et al. 2004) 
 Marine coast Wet and dry 
sand 
Portugal 
 
(Mendes et al. 1993) 
 Marine coast  Azore Islands  (Mendes et al. 1997) 
 Marine coast Swash zone Gaza Strip  (Elmanama et al. 2005) 
 Marine coast Dry sand Sao Paulo, Brazil  (Sanchez et al. 1986) 
 Marine coast Dry sand South Carolina, 
USA 
 
(Stevens et al. 2012) 
 Freshwater lake  Sediment Ontario, Canada  (Seyfried et al. 1985) 
 Freshwater lake  Sediment Ontario, Canada  (Palmer 1988) 
 Marine coast Wet sand Tel Aviv, Israel  (Ghinsberg et al. 1994) 
      
Vibrio spp. Marine coast Wet and dry 
sand 
Ustka, Baltic 
Sea, Poland 
 
(Mudryk et al. 2013) 
 Marine coast Swash zone Gaza Strip 22% (Elmanama et al. 2005) 
 Marine coast Wet sand Tel Aviv, Israel 13% (Ghinsberg et al. 1999) 
 71 
 
V. vulnificus Marine coast Wet and dry 
sand 
South Florida, 
USA 
37.5% 
(Abdelzaher et al. 2010) 
V. vulnificus Marine coast Wet and dry 
sand 
South Florida, 
USA 
100%  
(Shah et al. 2011) 
V. 
parahaemolyticus  
Marine coast Wet and dry 
sand 
Fortaleza, Brazil 
20% 
(Vieira et al. 2001) 
V. alginolyticus 
and V. 
parahaemolyticus 
Marine coast Submerged 
sand 
Adriatic Sea, 
Italy 59% 
(Pianetti et al. 2004) 
V. 
parahaemolyticus 
and V. harvey 
Marine coast  Africa 
12% 
(Aldova 1989) 
      
Cryptosporidium 
spp. 
Marine coast Wet and dry 
sand 
South Florida, 
USA 
25% 
(Abdelzaher et al. 2010) 
 Marine coast Wet sand South Florida, 
USA 
5.6% 
(Shah et al. 2011) 
Cryptosporidium 
spp. and Giardia 
spp. 
Freshwater lake Foreshore 
interstitial pore 
water 
Hamilton,harbour 
Lake Ontario, 
Ont. Canada 
 
Edge and Neumann (unpublished 
data) 
Giardia spp. Marine coast Dry sand Sao Paulo, Brazil 1% (Sato et al. 2005) 
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Enterovirus Marine coast Wet and dry 
sand 
South Florida, 
USA 
1% 
(Shah et al. 2011) 
 Marine coast  Black Sea, 
Romania 
83% 
(Nestor et al. 1984) 
 Marine coast Submerged 
sand 
Adriatic Sea, 
Italy 
23% 
(Pianetti et al. 2004) 
      
Fungi Marine coast Dry sand Portugal 60% (Sabino et al. 2011a) 
 Marine coast Wet sand Greece  (Papadakis et al. 1997) 
 Marine coast Wet and dry 
sand 
South Florida, 
USA 
 
(Shah et al. 2011) 
 Marine coast Dry sand South Carolina, 
USA 
 
(Stevens et al. 2012) 
 Marine coast Swash zone Gaza Strip  (Elmanama et al. 2005) 
 Marine coast Dry sand South Carolina, 
USA 
 
(Stevens et al. 2012) 
 Marine coast Wet and dry 
and  
South Florida, 
USA 
 
(Vogel et al. 2007) 
 Marine coast  Hawaii, USA  (Kishimoto and Baker 1969) 
 Marine coast  California, USA  (Dabrowa et al. 1964) 
 Marine coast  Casablanca, 
Morocco 
47.5% 
(Abdallaoui et al. 2007) 
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 Marine coast  Central coast, 
Portugal 
42% 
(Sousa 1990) 
 Marine coast    (Izquierdo et al. 1986) 
 Marine coast  Southern France  (Bernard et al. 1988) 
 Marine coast Wet sand Tel Aviv, Israel  (Ghinsberg et al. 1994) 
 Marine coast  Guadeloupe  (Boiron et al. 1983) 
 Marine coast  Spain  (Roses Codinachs et al. 1988) 
 Marine coast  Mediterranean 
Sea, Spain 
 
(Larrondo and Calvo 1989) 
 Marine coast  Malaga, Spain  (Marino et al. 1995) 
 Marine coast  Azore Islands  (Mendes et al. 1997) 
 Marine coast Wet and dry 
sand 
Fortaleza, Brazil 
13% 
(Vieira et al. 2001) 
 Marine coast Dry sand Sao Paulo, Brazil 19% (Sanchez et al. 1986) 
 Marine coast Wet and dry 
sand 
Sao Paulo, Brazil 
18% 
(Sato et al. 2005) 
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